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Abstract 
The work discussed in this thesis is of high industrial and scientific importance. 
Rapid industrialization and urbanization cause water pollution and release several toxic 
compounds into the water. This is a subject of serious concern and the attention of 
environmentalists around the world has increased towards this problem in recent times. 
Several techniques have been proposed for efficient wastewater treatment, most of them 
presenting some limitations such as poor capacity, generate waste products, incomplete 
mineralization or high operating cost. Nowadays aerobic granular treatments are 
considered to be the most effective routes. .^,.«K,,. 
Chapter 1 deals with theMjsii^Sms^rf^hoixt environment, water pollution 
and different types of techd&^gifes for wastewater remediation especially aerobic 
granulation technology. Furtlfc^ it^dealS With'characterization, thermodynamics, co-
metabolism and factors affectirigt/aerob'ie-.granulation aSwell as a literature review on 
' S ' ''•''.•« *• 
aerobic granulation and chlorophenoFs biodegira^ation. 
Different physical, chemical and biological methods are available for the removal 
of toxic compounds present in watei | | )^n««|p thetquality of natural water bodies. 
However, biological treatments are the most viable and effective among the available 
techniques. Certain aromatic compounds such as phenols and chlorophenols are used as 
disinfectants and removing such chemicals from water by conventional processes is a 
difficult task. Hence research is turning towards some new alternatives such as 
immobilized systems e.g. biofilm. One of the latest and more advanced immobilization 
techniques is Aerobic granular technique in a sequencing batch reactor (SBR). Aerobic 
granulation is a process of microbial cell self-immobilization, resulting in a cell-
structured shaf)e characterized by dense biomass. Similar to anaerobic granules, aerobic 
granules have a number of advantages over conventional bioflocs, such as a round and 
compact structure, good settling ability, high biomass retention and ability to withstand 
high organic loading rate. Aerobic granules have been cultivated in SBRs based on some 
pre-selected fectors viz. settling time, hydrodynamic shear force and H/D ratio etc. These 
factors affecting granulation are also discussed in chapter 1. 
Microbial granulation is differentiated from flocculation and the formation of 
microbial floes by the following definition: granules making up an activated granular 
sludge are aggregates of microbial origin (no carrier material is intentionally involved or 
added), which do not coagulate under a reduced hydrodynamic shear and which settle 
significantly faster than activated sludge floes. 
Aerobic granulation technology is an advanced biotechnology used for treating 
industrial effluents containing toxic aromatics pollutants such as phenol, chlorophenols, 
pyridine, toluene and for nutrient removal and adsorption of heavy metals and 
radionuclides. It is a novel compact biological wastewater treatment technology for 
integrated removal of COD (chemical oxygen demand), nitrate and phosphate charges, 
heavy metals and organic compounds. Aerobic granular sludge in sequencing batch 
reactors offers an attractive alternative to conventional activated sludge processes for 
wastewater treatment; thanks to its compact design with a footprint of only 25% relatively 
to conventional activated sludge systems. 
Chapter 2 deal with the properties, hazards, and uses of 2-chlorophenol. It also 
include the bioremediation of 2-chlorophenol from synthetic wastewater by aerobic 
granules in a SBR, Here, pre-acclimatized sludge was used to cultivate aerobic granules 
for efficient degi'adation of 2-chlorophenol in a sequencing batch reactor. Strong and 
compact granules were obtained with a mean size of around 1.0 mm. Very interesting 
results were obtfiined. Optica! density of the effluent discharge decreases from 0.54 to 
0.12 indicating efficient biomass retention with minimum cell loss through washout and 
the same biomass can be used over a long period for treating high strength toxic 
wastewater. After granulation, COD removal efficiency of 94% was achieved. The 
chapter also deals with kinetics, pathway and toxicity analysis of the products. Different 
techniques such as GC, GC/MS, FTIR, and UV were used to study the pathway of 
biodegradation and the results showed that the biodegradation occurred via ortho-
cleavage and catechol pathway. The aliphatic product formed after ring cleavage was 2-
chloro-hex-2,4-diene-l,6-dioic acid (m/z 176), which is non-toxic as shown by 
genotoxicity stijdies using Plasmid nicking assay. The kinetics followed Haldane's model 
for inhibitory substrate with kinetics parameters of Vmax = 840 mg of 2-CP gMLVSS' d"', 
Ks=315.018 mg L', K r 24.613 mg L ' , C '= 88.06 mg L ' and p= 0.2795. Hence this 
versatile and flexible technique can be exploited for the treatment of industrial effluents 
containing chlorophenols and other xenobiotic chemicals. 
Chapter 3 deals with the general information regarding 2,4-dichlorophenol and 
studies concerning biodegradation of 2,4-dichlorophenol using the same technology i.e. 
2 
aerobic biogranulation in sequencing batch reactor. 2,4-Dichlorophenol is quite more 
toxic than 2-chlorophenoi since, greater the degree of substitution, greater will be the 
resistance to degradation. The attack of microorganisms on organic compounds depends 
upon two factors- [a] type of substitution [bj steric factor. Due to large number of 
substituted groups attached to aromatic ring, it is difficult for microorganisms to approach 
toward aromatic ring. However, the type of substitution means electron withdrawing and 
donating nature. As the microbial attack on aromatic ring is a type of electrophillic attack 
hence factor which increases electron density on the ring favours microbial attack and all 
those factors which decreases electron density makes the attack of microorganism 
difficult. Since chloro group is a type of electron withdrawing group which decreases 
electron density at the ring and in turn makes it less susceptible for microbial attack. This 
chapter also include data on pathway, toxicity and kinetics. FTIR, GC and GC/MS studies 
showed a similar ortho-deavagc as in case of 2-CP biodegradation (Chapter-2) with the 
formation of 3-chloro-hex-2,4-diene-l,6-dioic acid (m/z m+1 178). The plasmid nicking 
assay for genotoxic studies showed the protection of super coiled pBR322 DNA from 
damage in case of treated 2,4-DCP effluent. The kinetic parameters obtained from fitting 
using Haldane's model are V a^x = 480 mg of 2,4-DCP gMLVSS"' d'', Ks= 82.14 mg L'', 
K, = 90.43 mg L"', C*= 86.185 mg L"' and p- 1.0492. 
In chapter 4, a comparative study on biodegradation of 2,4,6-trichlorophenol 
(TCP) was performed using glucose and acetate as co-substrate. However, in Chapter 2 
and 3, no co-subsfrate was used. In Chapter 4, two identical SBRs were used for 
cultivating aerobic TCP granules based on glucose as well as acetate as additional 
supplement. Granules based on glucose were irregular in structure having folds and 
depressions while acetate fed granules were compact and regular. Conversely, glucose fed 
granules have better removal efficiency and degradation rate than acetate fed granules due 
to greater mass transfer within the granules. The effluents from both reactors were non-
toxic as reflected from genotoxic studies. UV, FTIR, GC and GC/MS studies show 
similar results for both the reactors. The degradation occurred via 3,5-dichlorocatechol 
(m/z 179) which transformed in to 6-chlorohydroxyquinol (m/z 161) and finally undergo 
an orr/jo-cleavage to give 2-chloro-4-oxo-hex-2-ene-l,6-dioic acid (m/z 193). The 
calculated kinetic parameters using non-linear regression model are-
For Rl-V„ax(G)= 1344 mg TCP gVSS' d', Ks(G)=1911.65 mg L ' and Ki(G)=29.85 mg 
U\ C*= 238.8 m g L ' and p= 0.1360. 
For R2-V„,ax(A)= 1200 mg TCP gVSS' d"', Ks(A)=1828.68 mg L ' andKj(A)=33.86 mg 
L"', C*= 248.78 mg L'' and p= 0.1249. 
These results shows that though the glucose fed granules were irregular, but they 
give better results than acetate fed granules and sustained higher loading concentration 
(360 mg L"' 8 h"') than acetate fed granules (300 mg L'' 8 h"') efficiently. 
From the above discussion, it is clear that; aerobic granulation in sequential batch 
reactor is an excellent alternative to conventional treatment systems which fails to tolerate 
fluctuations in organic loading rate as well as higher organic loading rate. In my opinion, 
this study provides an attractive route for the removal of toxic compounds (such as 
chlorophenols) from wastewater by aerobic granules in SBR. Hence, it can be employed 
for treating high strength industrial effluents. 
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Preface:-
lUe ivor^descriBecf in this thesis is of high industriaf and scientific 
importance. 'The aim of this ivor^is to cuCtivate aerobic granules Based on 
toy^c organic substrates such as chCorophenoCs. JLeroBic granules are the 
aggregates of microBiaC origin without any inert support. They are 
actuaCCy the setf immoBiCized microBiaC consortia formed under high 
hydrodynamic shear force, reduced settling time and high height/diameter 
ratio type column sequential Batch reactor. MicroBial aggregation into 
compact aeroBic granules offers additional Benefits such as protection 
against predation and resistance to chemical toxicity, 'because of their 
compact structures, usage ofBul^ settling devices will not Be needed. The 
main oBjective Behind cultivation of microBial granules and their 
application in industrial and municipal wastewater treatment is to avoid 
the construction of secondary and tertiary settling tan^. Here, all the 
steps of conventional treatment processes occur in time sequence rather 
than space sequence. 
(Basically this wor^ consists of two parts: cultivation of aeroSic 
granules Based on to^ic suBstrates and the studies on Biodegradation of 
toxic suBstrates using these granules. JieroBic granules are cultivated 
Based on following toxic compounds: 2-chlorophenol, 2,4-dichh)rophenol 
and 2,4,6-trichlcrophenol StaBle granules were obtained for each 
compound in S^% Meanwhile, COO removal and chlorophenols removal 
was determined along with reactor performance (% removal efficiency). 
S^M images of the formed granules have Been ta^n to study their shape 
and size along with their surface studies. 
TurtHermore, ^netics and pathway invoCvecfin the Biodegradation 
were afso investigated using different techniques 'FIl<^ W, ^C and 
QC/^MS. ^e efficiency of the -process was afso ej(amined in terms of 
tojtjcity removaC 6y doing ^enotoj(tc studies. Various other parameters 
(such as MLVSS, S^I, OD, specific degradation rate and specific growth 
rate etc.) have afso Seen evaluated and studied. 
^4^e have observed very interesting results which are presented in 
this thesis. J4. very high suSstrate removal efficiency was achieved in 
addition to removaC of to^ty. ^e system can tolerate higher organic 
(boding rates as wed as fluctuations in organic loading rates which 
otherwise cause's failure of conventional processes. Tdiis wor^provides an 
attractive option to remove tojqc compounds such as chlorophenols from 
various industrial effluents Sy aeroSic granules in S'S'^ 
JLc^nowfecfgrnents 
"In tfie name ofJLLLJUKtfie most Beneficent andmercifuC" 
"JlfC praise to afmigHty J[LLJi% the creator, cherisfier, and 
sustainer of the worf£ Jfe created man and taught him that which 
he ^ew not (jiC-Quran). He is the most gracious and the most 
mercifuf to alt His creators. He endured me with the requisite 
^owCedge andaSitity to produce this piece ofwor^ I Sow down to 
Him, in gratitude with aCf humanity from the depth of my heart. 
I feef immense pleasure in expressing my deep regards and sincere 
than^ to my respected teacher and supervisor, Or. Suhaif Sahir, 
^Assistant (Professor, (Department of Chemistry, Ji.M.V., ^Cigarh, 
who despite his Susy schedule, provide me his ej(cellent guidance, 
motivation, constant help andtoo^^en interest in my thesis. 
I would li^ to pay my gratitude to my co-supervisor, (Prof Vinod 
Tare, 'Environmental Engineering and ^Management, (Department of 
Civil Engineering, Indian Institute of Technology, %anpur for his 
precious time, guidance and special facilities which I availed in his 
laS during my wor^at IlT%flnpur. 
I pay my special than^ to honoraSle (prof S. A- ^iciSi, Chairman, 
(Department of Chemistry, Jl.!M.lJ., JAligarh, for his unfailing 
support, valuaSle suggestions and guidance during my study period 
in this department. I also wish to express my sincere than^ to all 
the teachers of my department for their moral encouragement, 
invaluaSle advice and affection. 
I than^Jilmighty JLlldh for giving me nice parents Mrs. fi^aseem 
Jira (Begum and Late 'Mr. Maujood Hasan %han whose care, 
sacrifice and sustained efforts enaSled me to acquire ^owledge. 
Whatever, I am today is Because of their prayer, love and care. 
Heartily than^ to my family memSers-Mr. jimeer Eaisal %han, Mr. 
Ameer Taizan %han, Mrs. Sanam Jira (Begum, Mr. Syed Mansoor 
'Haqvi, (Dr. %halil Vllah %h,an, Mrs. (i(ais Tatima and Mrs. Tarah 
lOian and other reCatives for their encouragement and moraC 
support. I have no words to express my speciaf than^ to 'Dr. Saima 
SuCtana, for her co-operation, inspiration and guidance during my 
research wor^ 
I also ej(press my gratitude to (Dr. (Pijush %anti Monda[for his guidance 
and help during my research wor^ I feeCvery than^Cto my (aSmates 
Mr Shams Vsmani, Dr Tarah Xhan, Dr M. (Rashid, Dn SaCma 
Tahassum and 9/Ls. 'Kidk QutuS. 'Ey^ressions ^ emotions faif to find 
words to highCight the roie of my fiends, who were atways there as pillars 
of support, whenever I need them Mr. Mujahid%han, !Mr Sihte JAsghar, 
Dr Ishaat, Dr Ta^ra, DrZoya, Dr. JViyazi, 9dr %asem, Mr ^Bashar, 
Mr (Rami, Mr Tajjiufdin and others for their vaCuaSCe suggestions and 
support during my research wor^ 
My speciaC than^ to some of my friends at IM %anpur who made 
me feeC easy and comfortaSte during my stay there- Dr. JiSrar, Mr. 
Musheer, Mr. Shamim, Mr. <PaCashuddin, Mr. Javid, Mr. SuSarat 
Hait, Mr. Jimarjeet, Mr Jai (pra^ash and Mr JiniC who have 
aCways Been a source of strength, inspiration and encouragement to 
me throughout my wor^and prayed for my success. 
The financiaC assistance in the form of JRjF provided By The 
Vniversity grant Commission (%).Q.C), Qovt. of India, 9(ew DeChi 
is gratefufCy ac^owCedged. The faciUties provided By IIT %anpur, 
IITDeChi andllT^Rpor^e are dufy ac^owledged. 
Last But not the feast; I wouCd Ci^ to pay my sincere than^ to the 
non-teaching staff of the Department of Chemistry, J^MV, JiCigarh. 
(M. Zain Kfian) 
List of Publications 
Papers in journals: 
1. Khan, M.Z., Khan, F., Sabir, S. (2010). Aerobic Granular Treatment of 2,4-
Dichlorophenol. The Canad. J. Chemical Engg. (Wiley Interscience)-\n Press. 
2. KJian, F., Khan, M.Z., Usmani, S.Q., Sabir, S. (2009). Biodegradation of 
Phenol by Aerobic Granulation Technology. Water Science and Technology 
(IWA), Vol. 59 (2), 273-278. 
3. l<:han, F., Khan, M.Z., Sabir, S. (2010). Degradation Profile of Phenol in 
Sequential Batch Reactor. Environment & We: An International Journal of 
Science & Technology 5, 123-135. 
4. Khan, M.Z., Mondal. P.K., Sabir, S. (2010). Critical review on the current 
applications of the aerobic granular sludge technology for the purification of 
wastewater. International Biodeterioration & Biodegradation (Elsevier, 
5c/e«ce Z)/>ec(j-Communicated. 
5. Khan, M.Z., Mondal, P.K., Sabir, S. (2010). Bioremediation of 2-chloro-
phenol containing wastewater by aerobic granules-kinetics and toxicity. 
Bioresource Technology (Elsevier, Science Z)/>ec/)-Communicated. 
Khan, M.Z., Mondal, P.K., Sabir, S., Tare, V. (2010). Degradation pathway, 
toxicity and kinetics of 2,4,6-trichlorophenol with different co-substrate by 
aerobic granules in SBR. Environmental Science & Technology (ACS)-
Communicated. 
Presented at conferences: 
1. "Degradation profile of 2,4-dichlorophenol by aerobic granulation 
technology"- International Conference on Water Harvesting and 
Conservation, IIT Kanpur. 
2. "Air Pollution-an Overview"- National conference on Green 
Chemistry and its future Perspectives at Sant Gadge Baba Amravati 
University, Amravati, Maharashtra. 
Proceedings: 
I."Biodgradation of 2-ChlorophenoI in sequential batch reactor"-
Abstract published- Conference on Solid Waste Management, 
Philadelphia, USA. 
2t-S-1Ed-D-P 
The Canadian Journal of 
Chemical Engineenng 
Aerobic Granular Treatment of 2,4-Dichlorophenol 
Journal: The Canadian Journal of Chemical Engineering 
Manuscript ID: aCE-09-0307.R4 
Wiley - Manuscript type: Article 
Date Submitted by the , 
Author: "^^ 
Complete List of Authors: Suhail, Suhail; Aligarh Muslim University, Department of Chemsitr/ 
Khan, Mohammad; Aligarh Muslim University, Department of 
Chemistry 
Khan, Farah; Aligarh Muslim University, Department of Chemistry 
Keywords: Environment, Waste water treatment. Water quality, pollution, Bioremediation 
<$>scholaroNE 
Manuscript Central 
. I nh n W i l p u ft, Snn<s 
Aerobic Granular Treatment of 2,4-Dichlorophenol 
Mohammad Zain khan, Farah khan, Suhail Sabir* 
Environmental Research Laboratory 
Department of chemistry 
Aligarh MusHm University, Aligarh-202002, India 
Abstract: 
2,4-Dichlorophenol (2,4-DCP) fed aerobic granules were cultivated in a sequencing 
batch reactor. Stable and compact granules were obtained in 60 days of sequencing 
batch reactor (SBR) operation. Formed granules were compact and strong with closed 
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were achieved. Degradation profile shows a high initial degradation rate which 
decreases later. Degradation rate was directly proportional to the substrate 
concentration. Specific degradation rate of 2,4-DCP was 6.54 mg2,4-DCP gVSS' l ' 
hr' at 60 mg r and specific cell growth rate was 0.042 +0.02 d"'. High optical 
density (O.D.ooo) of SBR shows effective retention of biomass which is the main 
advantage of present technique. 
Keywords: 
Biodegradation, sequencing batch reactor, degradation profile, 2,4-DCP. 
Provided for non-commercial research and educational use only. 
Not for reproduction or distribution or commercial use. 
This article was originally published by IWA Publishing. IWA Publishing recognizes 
the retention of the right by the author(s) to photocopy or make single electronic 
copies of the paper for their own personal use, including for their own classroom use, 
or the personal use of colleagues, provided the copies are not offered for sale and 
are not distributed in a systematic way outside of their employing institution. 
Please note that you are not permitted to post the IWA Publishing PDF version of 
your paper on your own website or your institution's website or repository. 
I 
Please direct any queries regarding use or permissions to wst@iwap.co.uk 
©IWA Publishing 20091 
Biodegradation of phenol by aerobic granulation 
technology 
Farah Khan, Mohammad Zain Khan, Shams Qamar Usmani 
and Suhail Sabir 
ABSTRACT 
High organic load and fluctuation In organic load in terms of total phenols is fed into a SBR of 
higher height and diameter ratio (H/D 20) and operated at 4h cycle basis with a volumetric 
exchange ratio of 50% resulting in a constant HRT of 8h. Successful cultivation of aerobic 
granules was achieved. Aerobic granulation technology system vtrithstands the inhibitory effect as 
well as fluctuation of organic load and a better efficiency as compared to traditional activated 
sludge process. Maxinnim phenol concentration of 650niigr^ is treated efficiently in 4h which is 
equal to an organic loa<:l of 3 9kgm^^d^\ After granulation the effluent phenol and COD 
concentrations were 3mgr^ and 41 mgT' respectively. Phenol removal efficiency and COD 
removal efficiency of 94% and 95% were achieved. Effluent O.D.soo stabilizes at 0.15 which 
corresponds to minimum loss of biomass, which is the main advantage of SBR. 
Key «voni( | acclimatizfition, aerobic degradation, biodegradation, sequential batch reactor (SBR) 
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INTRODUCTION 
The contamination of water supplies occurs with hazardous 
pollutants, the most dangerous and problematic of pollu-
tants are aromatic organic compounds (Atlas 1981; Leahy & 
Colwell 1990). These compounds are resistant to degra-
dation because of the stability of aromatic rings present in 
them (Leahy & Colwell 1990). In addition, many aromatic 
compounds are toxic at very low concentrations, and many 
are believed to be carcinogenic (Dipple 1976; Sims 1980; 
National Academy of Sciences 1983). 
Phenols and its derivatives are present in the effluent of 
many industrial processes, among them oil refineries, petro-
chemical plants, coke conversion, pharmaceuticals and 
resin industries. Phenols are major environmental pollutants 
and found in many industrial waste water due to their wide 
spread use. The concentration of phenols as low as 1 mgl"^ 
are toxic to some aquatic species (Brown et al. 1967) and at 
far lower concentrations causes taste and odor problem 
in drinking water. Hence the removal of phenol from waste 
water is of obvious interest. 
doi: 10.2166/wst.2009.863 
Physical, chemical and biological methods are used for 
removal of aromatics from the groundwater (Strier 1980; 
Atlas 1981; Kobayashi & Rittman 1982; National Academy of 
Sciences 1983; Gils & Pirbazari 1986). Among these methods 
biological method is preferred if complete oxidation to 
carbon dioxide and water can be achieved. Physical and 
chemical methods have drawback because in these methods 
intermediates are formed, that are even more toxic than 
the original compounds (Strier 1980; Gils & Pirbazari 
1986). Like in the case of phenol, bulk removal of phenol 
by solvent extraction, absorption, chemical oxidation, 
incineration and other non biological treatment methods 
are used and these suffer from serious drawback such as 
high cost and formation of hazardous by products (Loh 
et al. 2000). Biological degradation is generally preferred 
due to the lower cost and possibility of complete mineraliz-
ation. For many years phenol removal has been carried by 
activated sludge system but high phenol loading rate and 
fluctuations in phenol loads have been reported to cause 
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Abstract 
Compact well settling granules were cultivated for degrading 3.9 kg m^ d' 
of phenols. Formed granules were studied qualitatively using SEM and it was found 
that a large number of bacterial types including bacterial rod, cocci, diatoms are 
dispersed in the extracellular polymeric substance (EPS). Degradation studies show 
that initially the removal rate of phenol was fast but later on it becomes slow. Low 
concentration of 50 mg l ' , 100 mg 1"', 200 mg 1"' phenol comes down below detection 
limit in about 170 min of the SBR cycle but high concentration of 400 mg 1"', 650 mg 
1' took around 240 min for complete removal. This study demonstrates the utilization 
of aerobic granulation for treating high concentration of phenol and other xenobiotics. 
Keywords: Granules, degradation, sequential batch reactor, aerobic sludge. 
Intrmluction 
Various industries such as oil refineries, petrochemical plants, coke 
conversion, pharmaceuticals and resin industries produces many toxic substances as 
their effluent, phenol being one of it. Phenol is also most frequently found pollutant in 
rivers and land fill runoff water (Prasad and Ellis, 1978). Phenol concentration of up 
to 10 000 mg r has been reported in much industrial waste water (Fedorak and 
Hrudey, 1988). 
Phenol is toxic at relatively low concentrations and is listed as priority 
pollutants by the United States Environment Protection Agency (Ghisalba, 1983). The 
toxicity of phenol often results in the reduction of wastewater biotreatment even at 
relatively low concentration (Hinteregger et al., 1992). 
A wide range of adverse effects have been reported following well 
documented human exposure to phenol by dermal, oral or intravenous routes. Phenols 
are also toxic to some aquatic species at low concentration as low as 1 mg l ' (Brown 
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CHAPTER 1 
Introduction- Current Applications of the 
Aerobic Granular Sludge Technology for 
the Purification of Contaminated 
Wastewater 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
Introduction- Current Applications of the Aerobic Granular 
Sludge Technology for the Purification of Contaminated 
Wastewater 
1.1 INTRODUCTION 
Word "environment" is tlie most commonly used term which describes "natural" 
environment and means "the sum of all living and non-living things that surround an 
organism, or group of organisms". Environment includes all elements, factors (biotic and 
abiotic), and conditions that have some impact on growth and development of organisms. 
Abiotic factors such as light, temperature, water, atmospheric gases combine with biotic 
factors (all surrounding living species) have strong influence on an individual organism. 
Environment often changes after some time and therefore many organisms have ability to 
adapt to these changes. However tolerance range is not the same with all the species and 
exposure to environmental conditions at the limit of a certain organism's tolerance range 
represents environmental stress. 
Environmental pollution is defined as the change in air, water or terrestrial 
environment which immediately or after sometime affects plants and causes health 
hazards to human beings, animals, and aquatic life and may even cause death, ft has thus 
become a major challenge now-a-days. Scientists round the globe are searching for new 
technologies to reduce pollution in order to save our mother planet. They are developing 
processes which leads to the formation of benign products and by-products. 
Environmental pollution is broadly classified into following categories-Water pollution. 
Air Pollution, Soil pollution and Noise pollution etc. Among these pollution, water 
pollution is increasing at a faster pace and large amount of work is being carried out to 
reduce the same. 
1.1.1 Water PoHution 
Water is the most essential good we have, it is not a commodity likes the others 
but an inheritance which is necessary to protect, defend and treat like such (Alves cl al.. 
"•niO). ft is possible to define the pollution in a variety of ways and it is worth thinking 
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carefully about the different definitions. In terms of hydrosphere, one extreme definition 
would be to say that, unless water is 100% H2O, it is at least to some extent, polluted. It is 
well documented that the presence of unwanted (toxic) compounds in high concentration 
at the surface level are leaching through the earth surface and severely contaminate the 
ground water, which in contemporary world is considered to be the pristine source of 
drinking water. Various types of pollutants are given in Table-1.' 
Toxic compounds contaminating natural water resources may include phenols, 
chlorophenols, nitrophenols, dyes, disinfectants and pesticides, which entered into the 
environment through various industrial operations such as leakage, spills, improper 
disposal and accidents during transportation in oil industries, gas work sites, paint 
manufactures, chemical industries etc. (f arhadiana et al.. 2008). They have a high level of 
chemical toxicity causing severe disorders in human beings and animals with an 
additional problem of their bioaccumulation. Some of these compounds limit the 
biological treatment, because they can be growth-rate inhibitory even to species that have 
the metabolic capability of using them as a substrate for growth (Bull el al.. 2006) 
Permissible limits of various elements/compounds in drinking water given by WHO is 
shown in I able-1.2. 
Table-1.1 Classification of water pollutants 
Cbemical Physical Physiological Biological 
Organic pollutant Colour 
(Soap, detergents, 
pesticicdes, dyes 
etc.) 
Inorganic pollutant Turbidity 
(Acids, alkalines, 
cations or anions) 
Suspended matter 
Forth 
Radioactivity 
Thermal 
Taste Weeds 
Odour Algae 
Viruses 
Bacteria 
Protozoa 
Parasitic worms 
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Table-1.2 World Health Organisation guidelines for drinking water quality 
Substances 
Inorganics 
As 
B 
Cd 
Cr 
Cu 
F 
Pb 
Mn 
Hg 
NO-3 
NO2 
Se 
Organics 
Altrazine 
Lindane 
2.4-D (2,4-
dichlorophenoxyacetic acid) 
DDT (dichloro diphenyl 
trichloroethane) 
Disinfection byproducts 
Monochloramine 
Di- and tri-chloramine 
Chloroform 
Phenols and Chlorophenols 
Concentration level 
l igL' 
10 
300 
3 
50 
2000 
1500 
10 
500 
1 
50 
3 
10 
10 
0.7 
30 
2 
3000 
5000 
20 
100 
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1.1.2 Effects of Water Pollution 
The main causes of water pollution are industrial and municipal waste. Among 
these two, municipal waste can be controlled and managed easily but it is very difficult to 
control industrial waste because of the presence of very toxic compounds some of which 
could cause death of human beings and animals. Following are some of the effects of 
water pollution: 
1.1.2.1 Effects of Run-off Pollution 
Rain picks up dirt and silt and carries it into the water. If the dirt and silt settle in 
the water body, then these sediments prevent sunlight from reaching aquatic plants. If the 
Sun can't reach the plants, these perish. These sediments also clog fish gills and smother 
organisms that live on the bottom of the water bodies. 
1.1.2.2 Effects of Oil Pollution and Antifreeze 
If oil is spilled on the water, the effects on the ecosystem and the components are 
harmful. Many animals can be annihilated in case they ingest oil. Oil contaminated prey 
may be a reason of death for many. If the oil coats the feathers of birds, these may die. Oil 
and antifreeze makes the water have a foul odour and there is a sticky film on the surface 
of water that kills animals. Oil is the one of the most harmful pollutant in the water. 
1.1.2.3 Contaminated Ground Water Effects 
If contaminated water enters the ground, there may be serious effects. People may 
become very sick and there is a probability of developing liver or kidney problems and 
cancer or other illnesses. 
/. 1.2.4 Fertilizers and other chemicals 
Nitrates in drinking water leads to diseases of infants that may lead to their death. 
Cadmium is a metal in sludge-derived fertilizer. This can be absorbed by crops. When 
people ingest this, they may cause diarrheal disorders, liver and kidney damage. The 
inorganic substances like mercury, arsenic and lead are the causes of pollution. Other 
chemicals can also lead to problems concerning the taste, smell and colour of water. 
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Pesticides, polychlorinated benzenes (PCBs) and polyciilorinated phenols (PCPs) are ail 
poisonous to all sorts of life. 
1.1.2.5 Effects of Agricultural Water Pollution 
Rain and irrigation water drains off cultivated land that has been fertilized and 
treated with pesticides, the excess nitrogen and poisons are mixed with it into the water 
supply. These pesticides are toxic and pollute the water in a different mode. Aquatic 
plants growth cause de-oxygenation of water and annihilate flora and fauna in a stream, 
lake and river. Fertilizers enhance the growth of bacteria that are in water and increase the 
concentration of bacteria to hazardous levels. 
LI. 2.6 Effects of Thermal Water Pollution 
Machinery in the industries is cooled with water from lakes and rivers. This water 
reaches the river in a heated state. This water decreases the ability of the aquatic system 
to hold ox>'gen and raises the growth of warm water species. 
1.1.2.7 Effects of Heavy Metal Water Pollution 
Heavy metals like lead, mercury, iron, cadmium, aluminium and magnesium are 
present in water. If these metals are present in the sediment, they reach the food chain 
through plants and aquatic animals. This causes heavy metal poisoning in case the level in 
the water is very high. 
1.1.2.8 Some other effects of water pollution 
In rivers, oceans and seas, water pollution effects aquatic biota. Further, blood 
diseases, nervous system disorders and heart diseases are some of the effects of water 
pollution. Many toxins in polluted water lead to cancer. Rarely, the body's chromosomal 
makeup can be altered. Some of the less potent effects are skin lesions, vomiting and 
diarrhoea. Hence it is very necessary to treat such waste and to convert poisonous 
compounds in to benign ones. 
Several decontamination techniques like adsorption, ion exchange or incineration 
are available for the removal of contaminants from wastewater (1 able-1.3) but all these 
are techniques involve high cost and also they do not completely mineralize the product. 
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1.1.3 Various Treatment Processes 
Physics, chemistry, biology, microbiology and engineering are all involved in 
purifying wastewater followed by disinfection so that it can be safely returned to the 
environment. 
Tabie-1.3 Different kinds of water treatment techniques 
PHYSICAL CHEMICAL BIOLOGICAL 
Flocculation 
Sedimentation 
Incineration 
Filtration 
Adsorption 
Air or steam stripping 
Equalization 
Disinfection 
Chlorination 
Ozonation 
Neutralization 
Coagulation 
Precipitation 
Ion Exchange 
Anaerobic Treatment (UASB) 
Aerobic Treatment 
1. Activated Sludge 
2. Aerobic granulation 
A physical treatment process (like adsorption, flocculation or filtration) usually 
treats suspended, rather than dissolved pollutants (1 able-1.3). It may be a passive process, 
such as simply allowing suspended pollutants to settle out or float to the top naturally 
depending on whether they are more or less dense than water. The process may be aided 
mechanically, such as by gently stirring the water to cause more particles to bump into 
each other and stick together, forming larger particles which will settle or raise faster- a 
process known as flocculation. Chemical flocculants may also be added to produce larger 
particles. To aid floatation process dissolved air under pressure may be added to cause the 
formation of tiny bubbles which will attach particles. 
Filtration is another physical process and uses a medium such as sand as a final 
treatment stage and result in very clear water. Similarly ultrafiltration, nanofiltration and 
reverse osmosis are processes which force water through membranes and can remove 
colloidal materials (very fine, electrically charged particles, which will not settle) and 
even some dissolved matter. 
Adsorption is one of the widely used physical treatment process. Adsorption on 
activated charcoal can removes dissolved chemicals also. Air or steam stripping can be 
used to remove pollutants that are gases or low-boiling liquids from water, and the 
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vapours which are removed in this way are also often passed through bed of activated 
charcoal to prevent air pollution. 
Chemical treatment removes dissolved substances from wastewater ( I able-1.3). A 
chemical treatment may include any of the following or all: 
• Converting a dissolved metal into a solid, settleable form by precipitation with an 
alkaline material like sodium or calcium hydroxide. Dissolved iron or aluminium 
salts or organic coagulants aid like polyelectrolyte can be added to help flocculate 
and settle (or float) the precipitated metal. 
• Converting highly toxic cyanides in mining and metal finishing industries into 
hanriless CO2 and N2 by oxidizing them with CI2. 
• Destroying organic chemicals by oxidizing them using O3 or H2O2, either alone or 
in combination with catalyst and/or ultraviolet light. 
However, each of these techniques has its own technical and economical 
limitations. Among the various technologies available for treating wastewater, biological 
methods or bioremediation processes appear to be a potentially economical, energy 
efficient and environmentally feasible (Vlondal et al.. 2010; Shim et a).. 2002) 
Biological treatment methods are very useful and remove all types of dissolved 
substances (Iable-1.3). They can be fiirther subdivided into anaerobic and aerobic. 
Anaerobic treatment means treatment in a closed container in absence (or limited supply) 
of air. UASB (Upflow anaerobic sludge blanket reactor) is most popular among anaerobic 
treatment processes. Nevertheless, anaerobic techniques have strong odour problem and 
also they can not be design for lower organic load (Beun et al.. 2002). Another important 
problem encountered with anaerobic process is the formation of non-benign or malignant 
products. Hence, recent research is turning towards aerobic biodegradation. 
Most common aerobic process is Activated sludge process. It involves a series of 
steps- Primary treatment, secondary treatment and in some cases a tertiary treatment may 
also be used. The effluent from one tank becomes the influent for the other. Primary 
treatment removes suspended impurities. In this case, the wastewater is first passed 
through a grit chamber where suspended particles greater than the size of the grit are 
removed and the water is allowed to pass into the sedimentation tank. In sedimentation 
tank, the remaining suspended particles gets settle down due to gravity and the clear 
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effluent is passed to the aeration tank where air is supplied at the bottom by means of 
mechanical aerators. This will lead to the efficient mixing of effluent. 
The effluent from aeration tank becomes influent for secondary clarifler. In 
secondary tank, the wastewater is mixed with biological mass (microorganisms) which 
degrade the complex dissolved organic compounds into simple compounds CO2 and H2O. 
But activated sludge process is also associated with a number of disadvantages: 
• Large space is required 
• More power is required 
• It has low efficiency 
• It is not be amenable to computer control. 
For instance, phenol removal has been carried by activated sludge system for 
many years but high phenol loading rate and fluctuations in phenol loadings have been 
reported to cause breakdown of activated sludge system (Kibret ct al.. 2000! 
Sequeniial batch reactor (SBR) is another type of activated system in which entire 
steps of activated sludge process (including filling, aeration, settling, drawing off 
supernatant, etc.) takes place in a single tank in time sequence rather than space sequence. 
A system like this can provide more flexibility and control over the treatment including 
nutrients removal. Nutrient removal is another important use of SBRs, refers to the 
treatment of wastewater to take out nitrogen or phosphorus, which can cause nuisance 
growth of algae or weeds in the receiving water. 
SBR is used to eliminate the construction of secondary settling tanks where land is 
a premium. The unit process of the SBRs is not a recent development as commonly 
thought. Interest in SBRs was revived in the late 1950s and early 1960s, with the 
development of new equipment and technology. Improvements in aeration devices and 
control have allowed SBRs to successfully compete with conventional activated systems. 
The unit process of SBR and conventional activated sludge systems are the same. 
A 1983 USEPA (United States Environment Protection Agency) report summarized this 
by stating "the SBR is no more than an activated sludge system which operates in time 
rather than in space". The SBR performs equalization, biological treatment and 
secondary clarification in single tank using a timed control sequence. 
SBR is discussed in detail in the later part of this chapter. 
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1.2 AEROBIC GRANULATION (CELL IMMOBILIZATION) 
The contamination of water supplies occurs with hazardous pollutants, the most 
dangerous and problematic of pollutants are aromatic organic compounds (Atlas et al.. 
198!. Leah} et al.. 1990), These compounds are resistant to degradation because of the 
stability of aromatic rings present in them (l,eah> et al., 1990). In addition, many 
aromatic compounds are toxic at very low concentrations, and many are believed to be 
carcinogenic (Dipple e: al.. 1976; National Academv of Sciences. 1983: Sims et al.. 
1980) 
Chlorophenols and phenols are introduced into the environment through industrial 
operations such as water disinfection, pulp bleaching with chlorine, waste incineration or 
even their use as biocides. They have also been used as general purpose disinfectants and 
it has been found that they can also appear as degradation products of other xenobiotics 
{B.>llag el a!.. 1986). Some chlorophenols have been listed as priority pollutants (/.iloulei 
et al. 2006) Many of the chlorinated aromatics or polyaromatics are used to control 
microbial contamination and degradation (Sahinkava and Dilek. 2007). Hence these 
compounds have high inhibitory effects on microorganisms. Due to their high toxicity, 
strong odour emission and persistence in the environment and suspected carcinogenicity 
and mutagenity to living organisms, chlorophenols pose a serious ecological threat as 
environmental pollutants (Quan et al.. 2004). 
Despite the recalcitrant nature of phenols, chlorophenols and other compounds, 
there are still some efforts being made towards their biological treatment with specialized 
culture conditions because of economical reason and low possibility of toxic product 
formation (Sahinkava and Dilek. 2007). Microbial degradation of chlorophenols has been 
reported by several groups (Mendonca et al.. 2004). Varieties of microorganisms are used 
such as Pseudomonas sp., Azohacter sp., Commomonas sp., Rhodococcus sp. etc. 
Different strains can be able to degrade different compounds e.g. Pseudomonas strain can 
be able to degrade all phenolic compounds. 
However, conventional biological processes (aerobic or anaerobic) failed to treat 
very high concentration of toxic xenobiotics and lead to their breakdown as discussed 
earlier. A problem of such type can be overcome by strategies such as cell immobilization 
(kcweloh et al.. 1989) since immobilized systems are able to retain higher amount of 
substrate (chlorophenols) degrading bacteria, resulting in higher degradation activity and 
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higher tolerance to chemical toxicity as compared to suspended ones (Quan et al.. 2004: 
I ivc and Kargi. .!006). 
One of the recent and more advanced cell immobilization techniques is Aerobic 
granulation. After the study of Morgenroth et al. (1^ )97) on the application of aerobic 
sludge, research has focused on the performance of an aerobic granular sludge (an 
immobilized system) system and the microbiology of microbial granules. The application 
of aerobic granular sludge is regarded as one of the promising and versatile biotechnique 
in wastewater treatment {de kreuk et al.. 2006). Aerobic granular sludge has advantages 
over the conventional sludge floes, such as a denser and stronger aggregate structure, 
better settleability and ensured solid effluent separation, higher biomass concentration, 
and greater ability to withstand shock loadings (I iu et al.. 2009). Another important 
advantage of this technique is the repetitive use of granules over a long period of time. 
The compact nature of fast settling granules reduces the biomass loss in effluent without 
the usages of bulky settling devices (Beun et al.. 1999) and offers the ability to tolerate 
high organic load rate as well as fluctuation in organic load rate. The first patent was 
granted by Heijnen and van Loosdrecht (1998) 
Previously, granules have been cultivated using anaerobic process but these 
granules suffer from disadvantages such as extremely long start-up period, high culture 
temperature, poor capability for removing nutrients, and unsuitability for handling low-
strength organic wastewater and so on, hence recent research looked into the feasibility of 
aerobic granulation in sequencing batch reactors (la\ et al.. 2001). Liu et al. (2008) 
compared the degradation of 4-t-octylphenol (4-t-OP) using both aerobic and anaerobic 
granules and found that aerobic granules degrade 4-t-OP much faster than does the 
anaerobic granules. Hence, aerobic granulation represents very useful and an innovative 
cell immobilization strategy in biological wastewater treatment which is attracting 
increasing interests (Beun et al.. 1999; Beun ct al.. 2002; Zheng et al.. 2005: de Kreuk et 
a!.. 2006; Zheng et al 2006). The main objective behind cultivation of microbial granules 
and their application in industrial and municipal wastewater treatment is to avoid the 
construction of secondary and tertiary settling tanks. Here all the steps of activated sludge 
process occur in time sequence rather than space sequence. C arucci et al.. (2010) reported 
that granular sludge sequencing batch reactor (GSBR) is the most suitable technology 
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when system simplicity, low land area requirement and short start-up times were 
considered as critical parameters in addition to high substrate removal rates. 
Different from biofilm, aerobic granules are microbial aggregates cultivated in 
SBR without any inert support. SBR is a simple cylindrical reactor made up of glass with 
a high height to diameter ratio (generally 20 or 30). A bubble aerator is fixed at the 
bottom of the reactor for supplying air at a superficial gas velocity between 1.2-2.76 cm s" 
' (Haiici et al.. 2006: I iu and la\. 2004: Wang et al.. 2007). SBR is run in batches with 
each cycle of 4 or 6 or 8 h with a 40%, 50% or 60%) volumetric exchange ratio. Mostly 
50% volumetric exchange ratio is preferred. 
SBR is having a port at 50%) of its height for withdrawing effluent and for 
collecting sample for determining various parameters. SBR containing activated sludge is 
fed with appropriate amount of substrate along with co-substrate in mineral salt medium 
(nutrients solution) for cultivating aerobic granules (VIo> et al.. 2002) 
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~ L D.scharge port 70cm 
Discharge poit 40cm 
Aeration 
Fig l.l Design of lab scale sequential batch reactor 
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The operation of SBR is based on the fill and draw principle, which consists of 
following five basic steps: Fill, React, Settle, Draw and Idle (Hg 1.2) All these processes 
are cyclic in nature i.e. one after the other in a cycle. The time limit for each of these steps 
is set according to the individual's need. For industrial wastewater applications, 
treatability studies are typically required to determine the optimum operating sequence. 
For most municipal wastewater treatment plant, treatability studies are not required to 
determine the operating sequence because municipal wastewater flow rates and 
characteristic variations are usually predictable and most municipal designs will follow 
conservative design approaches. 
During Fill step influent wastewater is added in the reactor. The following three 
variations are used for the fill step: Static fill, mixed fill, and aerated fill. During static fill, 
influent wastewater is added to the biomass already present in the SBR. Static fill is 
characterized by no mixing or aeration, meaning that there will be a high substrate (food) 
concentration when mixing begins. Static fill conditions favours organisms that produce 
internal storage products during high substrate conditions. Static fill may be compared to 
using "selector' compartments in a conventional activated sludge system to control the F: 
M (food to microorganisms) ratio. Mixed fill is classified by mixing influent organics with 
the biomass, which initiates biological reactions. Anaerobic conditions can also be 
achieved during mixed phase. Aerated fill is classified by aerating the contents of the 
reactor to begin the aerobic reactions completed in the react step. Aerated fill can reduce 
the aeration time required in the react step. 
In react step mixing and aeration occurs simultaneously. Mixing is classified by 
adding influent organics with the biomass, which initiates biological reactions. During 
react step, microbes consume the organic part and use residual oxygen or alternative 
electron acceptors. The biological reactions initialized during mixed fill or aerated fill are 
completed in this step. 
In SBR settle is typically provided under quiescent condifion. In some cases, 
gentle mixing during the initial stage of settling results in a clearer effluent and a more 
concentrated settled sludge. In SBR there are no influent or effluent currents to interfere 
with the settling process as in a conventional activated sludge system. 
The draw steps use a decanter to remove the treated effluent, which is the primary 
distinguishing factor between different SBR manufactures. 
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1 Fill 
Idle 
Draw 
React 
Aeration/Mixing 
Settle 
Decant 
Fig 1.2 Sequencing batch reactor (SBR) working principle 
(All these steps occur in time sequence rather than space sequence) 
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The Idle step occurs between the draw and the fill steps, during which treated 
effluent is removed and influent wastewater is added. The length of the idle step varies 
depending on the influent flow rate and the operating strategy. Equalization is achieved 
during this step if variable idle times are used. Mixing to condition the biomass and 
sludge wasting can also be performed during the idle step, depending on the operating 
strategy. 
Sequential batch reactor offers following advantages over conventional reactor: 
1) Excellent alternative to conventional continuous flow activated sludge for 
wastewater treatment (lr\ inc et al., 198^ >: \ g et al.. 198^ •• 
2) Equalization, aeration and sedimentation in a time rather than in a space sequence 
(Irvmeal.. \^W\ 
3) Great flexibility of operation for accommodating variation in condition and 
achieving desired result (Ng et al.. IQS'^ ). 
The later parts of this chapter deal with the various aspects of Aerobic granulation 
technology. 
1.3 BASIC CONCEPTS OF AEROBIC GRANULATION AND 
CHARACTERIZATION 
1.3.1 Formation of aerobic granule 
Aerobic granulation involves cell-to-cell adhesion that include biological, physical 
and chemical phenomenon and it is now attracting increasing interest (Zheng et al.. 2006). 
Unlike biofilm, aerobic granules are formed through self immobilization of 
microorganisms (especially bacteria) without any carrier material under aerobic or 
alternative aerobic-anaerobic conditions. Bacterial self aggregation is of two types: 
1) Auto-aggregation - Cell-to-cell interaction of genetically identical strain 
2) Co-aggregation- Cell-to-cell adherence between genetically distinct bacterial 
partners. 
The formation of aerobic granules consists of following five stages: microbes' 
multiplication phase, floe appearance phase, floe cohesion phase, mature floe phase and 
aerobic granule phase (Hailei et al.. 2006). The granules thus formed are compact and 
strong. I ig 1. ^ shows the image of 4-CP fed aerobic granules in presence of acetate as co-
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substrate (C arueci et al, 200^). The granules were compact, spherical and strong with a 
high density. Khan et al. (2010) cultivated aerobic granules based on 2,4-DCP and 
reported a removal efficiency of 96%. 
Although aerobic granular technology would be a novel and pronounced 
biotechnique for wastewater treatment, the mechanisms behind the formation of aerobic 
granules was not yet understood because bacteria indeed would prefer a dispersed rather 
than aggregated state. Hence, there should be an initiating force that can bring bacteria 
together and, further, make them aggregate. 
Beun et al. (2()()()) proposed a mechanism which shows that under oxygen 
limiting conditions bacteria undergo lysis which will lead to granulation (Fig 1.4). But a 
recent research clearly demonstrated that this driving force behind aerobic granulation 
could be the cell hydrophobicity (I iu et al.. 2003). In fact, it is well known that the 
physico-chemical properties of the cell surface have a profound effect on the formation of 
biofilms and aerobic granules (/ita and Hermanson. 1^ 97; K.os et al.. 2003). When 
bacteria becomes more hydrophobic, an increased cell-to-cell adhesion is observed i.e. the 
cell surface hydrophobicity might contribute to the ability for cells to aggregate (Kos cl 
al.. 2003). 
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(b) 
Fig 1.3(a, b) Images of aerobic granules cultivated in the SBR (Carucci et al., 2009) 
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Inoculaikm Ptjllei furmahcm Shear 
Granules of Ljsis 
bacicnal colonics 
Oxy.^en limilacion Colonisation 
of bacteria 
Fig 1.4 Proposed mechanism of aerobic granulation by Beun et al. (2000) 
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1.3.2 Characterization 
Microbial granules were composed of variety of biological layers arranged as a 
sequence of obligate aerobic microorganisms, facultative anaerobic and obligate 
anaerobic bacteria, and, finally, a core of dead and lysed cells (Ivanov et al.. 2004. 20()'^ . 
lav ft al., 2()02a. b). It has also been reported earlier that aerobically grown microbial 
granules have a diverse microbial community, a complex spatial structure, coordinated 
physiological functions, and specific temporal changes (Ivanov et al.. 2005: la\ et a!.. 
"•OO.^ a b). Granules may contain protozoa on their surface (Ivanov et al., 2004). Close 
investigation of granules surface by SEM micrograph reveal the presence of a large 
diversity of microbial morphotypes, including bacterial rods and cocci, fungi and diatoms 
dispersed in the extracellular polymeric substance (EPS). 
Lemaire et al. (2008) explored the structure of aerobic granules using light 
microscopy, scanning and transmission electron microscopy, FISH (Flourescent in-situ 
hybridization) combined with confocal laser scanning microscopy and oxygen and pH 
microsensor and reported the breaking of mature granules is attributable to the clogging 
of pores and channels in granules, hence hindering nutrient intake by the microbes. 
1.3.3 Kinetics and thermodynamics 
The knowledge of aerobic biodegradation kinetic parameter of toxic substances is 
a very important issue both for the prediction of their fate and the design of wastewater 
treatment plants. The kinetic investigations were carried out to study the time required for 
the attainment of equilibrium during the biodegradation of toxic compounds. 
Biodegradation of xenobiotics by aerobic granulation generally followed Haldane model. 
A kinetic analysis of the degradation data was performed on the basis of this model for 
describing biodegradation of an inhibitory substrate (Wang et al.. 2007) is as follows 
K.+S^ — 
where V and Vmax are the specific and the maximum specific substrate degradation rates 
(mg substrate g"'VSS' h'), respectively, and S, Ks and Kj are the substrate concentration, 
half-saturafion constant, and inhibition constant (mg L''), respectively. The main 
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advantage of the Haldane equation is to have a direct indication from the kinetic 
parameters of the possible maximum removal rate (kmax, mg substrate U' h"'), critical 
substiate concentration value (C*) and extent of the inhibitory effects (P). In particular. 
critical substrate concentration C'^ ^^  = JK^K^ is the concentration at which maximum 
removal rate occurs and /^ = ^K, I Ks is a parameter that accounts for the extent of the 
inhibitory effects. A smaller value of P gives a larger removal rate reduction at high-
substrate concentration (1 omei ei al.. 2008) 
Tay et al. (2002) successfully cultivated phenol degrading aerobic granules and 
degrade up to 500 mg L"' in 4 h efficiently which comes out to be 3 kg phenol m" d' . 
There was good agreement between degradation kinetics data and Haldane model with 
calculated kinetic parameters of-
Vmax = 5.6 g phenol g VSS"' d"', Ks = 481 mg L'', K, = 212 mg L"'. 
The kinetics of biodegradation of a substrate can be evaluated by monitoring its 
disappearance at different concentrations in batch culture after a certain interval till 
equilibrium. 
However, there was no thermodynamic description of cell hydrophobicity in 
aerobic granulation till 2004, then Liu et al. (2004i studied the role of cell hydrophobicity 
in aerobic granulation from a thermodynamic approach and, further, derived cell 
hydrophobicity associated thermodynamic model for aerobic granulation. Compared with 
microbial attachment to a solid surface, microbial aggregation is a microorganism-to-
microorganism self-immobilization process, which can be depicted as: 
Microorganism + Microorganism -^Microorganism-Microorganism + AG"agg (2) 
AG°agg= negative i.e. spontaneous 
1.3.4 Co-metabolism and inhibition 
Biodegradation is actually defined as the biologically catalyzed redox reaction in 
complexity of chemical compounds (Alexander. 1W4). It is based on two processes, 
growth and co-metabolism. In case of growth, organic pollutants are used as sole carbon 
and energy source. This process results in complete degradation (mineralization) whereas 
in co-metabolism, the metabolism of an organic compound occurred in presence of a 
growth substrate which is used as the primary carbon and energy source (Alexander. 
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\9^4) The importance of co-metabolism is not limited to the accumulation of 
biochemical products. Co-metabolism has also been used for the detection and 
demonstration of specific enzyme action. The accumulation of end products allowed for 
the isolation and identification of metabolites and the determination of specific bonds of 
substituted products which were cleaved by the co-metabolic process. A universally 
accepted definition of co-metabolism has proven elusive, but there is a general 
compromise that it describes the metabolism of a non-growth substrate in which no 
apparent benefit is accrued by the metabolizing organism (W ackett. 1 ^'^b) 
Microbial aggregation into compact aerobic granules offers additional benefits 
such as protection against inhibition and resistance to chemical toxicity (Jiang et ai.. 
2004) Aerobic granules have high resistance to toxic compounds due to their compact 
structure 'Bcrgsnia-\'lami. 2005). Degradation efficiency of granules increases with 
increase in substrate concentration upto a certain limit and then decreases (performance of 
the reactor also decreases) with further increase in substrate concentration due to 
inhibition of microbial growth by substrate concentration itself (Kargi and hker. 200:^  i 
The floes reported by Sahinkaya and Dilek (2007) have a high degradation rate at low 
concentration but at high concentration they were also inhibited leading to a similar 
decrease in degradation rate. 
1.4 FACTORS AFFECTING AEROBIC GRANULATION 
Previous studies on granulation technology were mainly focused on general 
aspects of granule formation, effects of substrate type, loading rate, filling patterns, 
COD:N:P ratio and settling velocity on granulation, and characteristics of granules such 
as granule size, morphology, SVI, density, hydrophobicity, and conversion processes 
under different process conditions (Ta> et al.. 2003a. b: /hu and Wilderer. 2003). It is 
well known that the aggregation of bacterial cells and the formation of floes and even 
more dense aggregates can be enhanced by the addition of flocculants such as calcium, 
aluminum, and iron ions, but it can be too expensive for large scale wastewater treatment 
and the discharge of flocculant containing effluents can be unsafe for the environment. 
Follov/ing are the factors affecting aerobic granulation. 
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1.4.1 Substrate composition 
Aerobic granules have been successfully cultivated with a wide variety of 
substrates including ethanol, glucose, acetate and synthetic wastewater as shown in 
! able-1.4, However, granule microstructure and species diversity appear to be related to 
the type of carbon source (l^ eun et al.. 2002. /heng et al., 2005). Aerobic granulation has 
been shown to achieve high organic loading rates with simple substrates such as glucose 
and acetate. However, several recent studies reported the successful cultivation of aerobic 
granular sludge using toxic substrate such as chlorophenols and nitrophenols (Jiang et al.. 
:004; I oniei et al. 2005; V i et al.. 2006). 
4.2 Organic loading rate (OLR) 
OLR is an important operational parameter in the design of wastewater treatment 
plant involving aerobic granular sludge. Aerobic granules can form across a very wide 
range of organic loading rates. Moy et al. (2002) showed that aerobic granules can 
achieve high OLRs of 15 kg COD m"^  day"' and even higher OLRs without compromising 
granule integrity. Granules can also be cultivated at low OLRs of 2.5 kg COD m'^  day' 
> I lu et al. 200obi It seems that aerobic granulation is not much sensitive to the organic 
loading rate. Albeit, a recent study Wang et al. (2007) verified that high organic loading 
rate would be favourable for granule stability (1 able- i .4). 
4.3 Hydrodynamic shear force 
High shear force favours the formation of aerobic granules with high granule 
stability (Rhan et al.. 200v i It was found that aerobic granules could be formed above a 
threshold shear force value in terms of superficial upflow air velocity of 1.2 cm s ' in a 
column type SBR (I iu and lav. 2002. 2004), and more regular, spherical and compact 
aerobic granules were developed at high hydrodynamic shear force (>2.0 cm s"') as 
claimed by (Hailoi et al.. 2006). Wang et al. (2007) cultivated 2,4-DCP fed mature 
aerobic granules in presence of glucose at a superficial air velocity of 2.76 cm s'\ It is a 
universal approach of microorganisms to combine with each other when acted upon by a 
force (like shear force, toxicity and abrupt environmental conditions). The greater the 
shear force, the more quickly microorganism form aggregates leading to rapid granule 
formation ;Beun et al.. IW4) (lable-3). Li et al. (2008a) demonstrated that with high 
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reaction rate the dissolved oxygen will penetrate into aerobic granules of about 200 (im 
deep. 
4.4 Dissolved oxygen concentration 
Although dissolved oxygen (DO) concentration is an important variable that 
influences the operation of aerobic wastewater treatment systems (Table-1.4). The aerobic 
granules have been formed at DO concentration as low as 0.7 to 1.0 mg L"' (Peng et ai.. 
\W^) and as high as 2 mg L"' ( ra\ et ai.. 2002c) in SBR. Therefore, it appears that DO 
concentration is not a crucial variable in the formation of aerobic granules. But Hailei et 
al. (2ti06) reported that if DO concentration is lower than 2.5 mg L"', no granule will be 
formed. The results of Hailei et al. (2006) were in good agreement with reports of 
I [suncda et al.. 2004) but differed from the observations of Peng et al. (1999) Table-1.4 
Mc Swain and Irvine (2008) recently showed that DO and substrate removal kinetics are 
more important to aerobic granule formation and maintenance than the shear force. Hence 
further research should be done to explore the possible effects of DO concentration on 
aerobic granulation. 
4.5 Settling rate 
In SBR, the settling time is likely to exert a hydraulic selection pressure on the 
sludge particles, i.e. particles that can settle down within the given period of time would 
be retained in the reactor and the rest would be washed out of the system ((^ in et a).. 
2004). A short settling time preferentially selects for the growth of fast settling bacteria 
and the sludge with poor settleability has been washed out. Settling time should be in the 
range of 2 to 10 min (Qin et al.. 2004: ia\ et al.. 2001a) for a model laboratory SBR 
(height 150 cm and diameter 5 cm). Adav et al. (2009a) reported that an early 
predominance of aerobic granules is observed at a settling time of 5 min (Table-3). Since, 
SBRs are available in varying sizes, so it is better to set settling velocity (rate) instead of 
settling time. For better granulation the settling velocity should be greater than 10 m hr"' 
Beuncia.. I994i. 
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4.6 Aerobic starvation 
Cyclic operation is the unique feature of SBR that leads to the periodical 
biodegradation phase followed by the aerobic starvation phase in every cycle (I.iu and 
I a\. 2008 . It is assumed that aggregation is a strategy of cells against starvation. Tay et 
al. (20OI) reported that the long periodical starvation phase played a positive role for 
microbial granulation in the SBR, and this hypothesis was further emphasized and 
developed in other reports also (I i et al.. 2006). A frequent repetition of feast and famine 
conditions (availability of food and starvation) must be employed as proved by (Ia\ et 
al.. 200 ib . The results of Tay et al. (200 lb) were supported by Wan et ai. (2009) who 
showed that (Tab:e-I.4) pre-anoxic feast period positively affected granulation process 
through different mechanisms: enhancing heterotrophic growth/storage deeper in the 
internal anoxic layer of granule, reducing the competition between autotrophic and 
heterotrophic growth. Pijuan et al. (2009) also reported similar results (rable-1.4) 
However, the results of Liu and Tay (2008) are quite contradictory. They reported that 
starvation (feast-famine conditions) time is not the key factor in aerobic granulation (1 lu 
and \d\. 2008). Further, they also reported that a short starvation time accelerates 
granulation, but a very short starvation time facilitates the growth of fluffy granules with 
poor settling. 
4.7 HID ratio 
H/D ratio is nothing but the height to diameter ratio of the column SBR. It is also 
an important parameter for controlling the shape and nature of aerobic granules. Zhu et al. 
(2008) cultivated and characterized the 4-chloroaniline (4-ClA) degrading aerobic 
granules in SBR of high H/D ratio. These authors fijrther noted a high protein to 
polysaccharide (PS/PN) ratio of 8.2-13.7, and claimed that the reactor with a high H/D 
ratio and internal circulation favours formation of mature granules. However, Kong et al. 
(2010) inoculated aerobic sludge in four reactors with different H/D ratio of 24, 16, 8 and 
4 corresponding to a minimal settling velocity of 12, 8, 4 and 2 m h ', respectively. They 
found similar results on granulation speed, general physical properties, and microbial 
population of granules in four reactors which demonstrated that the reactor H/D ratio or 
minimal settling velocity did not have any influence on granulation or granule properties 
( Tabic-1.4 
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4.8 Hydraulic retention time 
Hydraulic retention time is also an important parameter affecting the reactor 
performance and granule formation (1 able-1.4). HRT exerts a profound influence on the 
hydraulic conditions and the contact time among different reactants within the reactor 
(Pan t't a.. 2004). To optimize the reactor performance, a proper HRT should be 
judiciously selected and carefully maintained (Fang and Yu. 2000, 2001). Pan et al. 
(2004) studied the effect of HRT on granulation (Fig 1.5) and reported that at short HRTs, 
granular sludge displayed good settle ability and effluent characteristics. Observed sludge 
volume index (SVl) values were as low as 44, 24 and 43 mL gMLVSS"' for HRTs of 2, 6 
and 12 h, respectively. At a HRT of 24 h, the granules disintegrated and were substituted 
by loose structured floes with poor settleability and this resulted in the relatively high SVl 
of 110 mL g MLVSS"'. Differences in the characteristics of aerobic granules could be 
observed at different HRTs (Fig. 1.5). Bioflocs with poor settleability were the major 
form of biomass at the HRT of 24 h. The biomass size varied with different HRTs: the 
mean diameters were 3.5, 1.2, 1.1 and 0.7 mm respectively, for HRTs of 2, 6, 12 and 24 
h. They have also reported that, granules at shorter HRTs had compact and stronger 
structures, with relatively higher values of granule strength and integrity coefficient. 
Beun et al. (\999) suggested that a short HRT is favorable for microbial aerobic 
granulation (1 able-1.4). These compact mass then gradually changes to granular biomass. 
However, a very short cycle time would suppress the growth of suspended solids because 
of frequent washout of the suspended material. An HRT of 6 hr is most appropriate for 
biogranulation (Pan el al.. 20041 
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Fig 1,5 Microscopic images of granuies/flocs (a-d), applied hydraulic retention times are 
2, 6, 12 and 24 h (5 mm range) (Pan et al. 2004) 
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4.9 Effect of pH I 
pH of the medium is also a decisive factor during aerobic granulation and 
degradation. A slight alkaline pH (around 7.5) is necessary for proper aerobic granulation 
and granulation cease to occur at pH>8.5 as reported by (Hailei et al., 2006). 
Furthermore, a slight low pH favours fungi dominating granules whereas a slight alkaline 
pH favours bacterial dominating granules as shown in Fig. 1.6 (Yang et al., 2008). 
Most fungi prefer a low-pH medium, which is nevertheless unfavourable to the 
growth of bacteria. A high alkalinity in HCO3 can prevent a drop in pH and inhibit 
fungal growth. These factors apparently imply that, by controlling the alkalinity in the 
influent, a strategy of species selection can be developed for the granulation of aerobic 
sludge with different microbial communities, morphological evolutions and structural 
properties (Williams and Reyes, 2006). 
4.10 Effect of Temperature 
Temperature can also influence the performance of aerobic granulation to some 
extent. Hailei et al. (2006) reported that too high (4rC) or too low temperature (26 °C) 
can lead to decrease in biomass which is necessary for granule formation. However, 
influence of temperature on biogranulation is not very signiflcant in the range 29-38 °C. 
Song et al. (2009) cultivated aerobic granules in sequencing batch airlift reactors (SBAR) 
at 25, 30, and 35 °C, respectively and analysed the microbial community structures of the 
granules using scanning electron microscope (SEM) and polymerase chain reaction-
denaturing gradient gel electrophoresis (PCR-DGGE) and reported that 30 °C is optimum 
temperature for matured granule cultivation, where the granules had a more compact 
structure, better settling ability and higher bioactivity. Hence for optimum purposes, the 
temperature of the SBR system should be kept in between 28-35 °C for proper 
functioning of microorganism (as shown in Table-1.4). 
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Fig 1.6 SEM images of fungi-dominating and bacteria-dominating aerobic 
granules cultivated after 70 days in (a) reactor Ri without the addition of NaHCOs 
and (b) reactor R2 with the addition of NaHCOsCYang et al., 2008). 
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4.11 Chemical toxicity 
Toxicity to organisms is obviously an important factor governing the fate and 
behaviour of a chemical compound in the natural environment. Chemical toxicity is 
defined as the % inhibition of microbial growth at a particular substrate concentration. 
However, genotoxicity is defined as the gene mutation, chromosomal alteration or DNA 
damage caused by the substrate. In case of chlorophenols, pentachlorophenol is most 
toxic than others due to presence of five chlorine atoms on the ring. Furthermore, in case 
of monochlorophenols the toxicity is highest in meta- position as compared to its ortho-
and para- isomers. This may be due to steric, electronic and hydrodrophobic effects of the 
substituents. 
4.12 Some special factors which affects aerobic granulation and degradation 
Among these factors, cell hydrophobicity is very important and supposed to be the 
reason behind microbial aggregafion. Ivanov et al. (2005) applied an enrichment culture 
with an increased cell surface hydrophobicity for rapid formation of aerobic granules. 
Mechanically stronger granules, which were suitable for the reactors with mechanical 
stirring, were formed within several days after the start of the cultivation. 
Limbergen et al. (1998) proposed that the selection and application of floe 
forming bacteria are important for good flocculation in an activated sludge system. These 
results were later supported by (Beun et al.. 1999) in an aerobic granular system. After 
these discoveries, Ivanov et al. (2006) isolate two strains K. pneumoniae strain B and P. 
veronii strain F and inoculated with phenol degrading aerobic sludge in SBR and 
observed that these strains helps in early formation of aerobic granules and thereby 
reducing the long start-up period which is the only shortcoming of aerobic granulation. 
However, the species K. pneumoniae is a urinary tract human pathogen and could be 
considered as an opportunistic human pathogen (1 ickhoff. 1972) So it can not be use 
because of biosafety issues. But no such published data on the pathogenicity of P. veronii 
strain F is available in literature; hence it can be used for further research on rapid start-
up period for aerobic granulation. Adav and Lee (2008) cultivated aerobic granules using 
a single bacterial strain, Acinetobacter calcoaceticus, in a SBR and the formed granules 
shows excellent settling characteristic and high degrading efficiency. 
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Ivanov et al. (2007) accelerates the sludge granulation with a strain of high cell 
aggregation index {Pseudomonas veronii strain B) and reported the use of selected safe 
starter pure culture with high cell aggregation ability for better granulation. Jiang et al.. 
{2004) isolated seven strains and one from them, Comamonas sp. D22, exhibited a strong 
flocculation activity and formed autoaggregates with a high extra polysaccharide content, 
which might play an important role in the formation and maintenance of the structure of 
phenol degrading aerobic granules. 
Short feeding time is an important parameter as well, which affects the inhibition 
of microorganism at the time of feeding substrate leading to poor granulation (I able-1.4, 
A short feeding time causes a rapid exposure of microorganisms to the high 
concentrations of toxic substrates leading to their inhibition (I omei et al.. 2005). It could 
be attributable to a decrease in biomass activity due to a sudden change of the reaction 
environment. 
Nitrification-denitirifcation also affects aerobic granulation (Wan and Sperandii. 
20091. The presence of nitrate in SBRs can assist the densification of the biological 
aggregates in aerobic condition leading to better granules (I able- i .4). 
Tay et al. (2005) applied acetate-fed granules as a starting seed for the 
development of phenol-degrading granules and developed phenol-degrading stable 
granules within I week after initiating the reactor. 
Nancharaiah et al. (2008) reported that synthetic chelating agents can be used and 
presence of a typical synthetic chelating agent like NTA, EDTA, picolinic acid and citric 
acid in the medium significantly reduced the growth of seed sludge for sequencing batch 
reactors. This has led to the early predominance of granular sludge in SBRs. Granules 
formed in the presence of synthetic chelating agent were smooth, dense and compact and 
showed better settling characteristics than granules formed in the absence of these 
chelating agents (fig 1.7). 
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Fig 1.7 Photograph showing microbial granules cultured in the laboratory using synthetic 
chellant in sequencing batch reactor (a and b), SBR reactor containing microbial granules 
(c) (Nancharaiah et al., 2006) 
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2+ Aerobic granulation can also be enhanced by using metal ions such as Ca" and 
Mg^ * (lable-1.4). Liu et al. (2010) showed the effect of using Ca^ * and Mg^'on 
biogranulation. Hailei et al. (2010) reported that some selected strain such as Strain HSD 
form MMPs (micro-mycellium pellets) in presence of Mn '^ and these MMPs can easily 
form bioaugmented granules-BAGs (i able-1.4) 
Aerobic granulation has also proved to be very useful for removing toxic metal 
ions from various industrial and municipal wastes. Aerobic granules play promising role 
in adsorption of toxic chemicals due to high surface area, porosity and good settling 
capability (\da\ et al.. 2()0yb). Nancharaiah et al. (2006) reported that aerobic granular 
biomass has the potential to be employed as an effective biosorbent material for 
recovering uranium from dilute nuclear waste. 
4.13. Few other proposed strategies (available in literature) for chiorophenols 
removal 
Vitamins also affect aerobic degradation and dechlorination of 2-chlorophenol and 
4-chlorophenol by Pseudomonas pickeltii, strain LDI, and 4-chlorobiphenyl by 
Pseudomonas sp. strain CPEl as reported by Kafkewitz et al. (19 )^6). These 
microorganisms are capable of using the target compounds as source, but do not need 
vitamins to metabolize them. The addition of a vitamin solution containing biotin, folic 
acid, pyridoxine hydrochloride, riboflavin, thiamine hydrochloride, niacin, pantothenic 
acid, cyanocobalamin, p-aminobenzoic acid, and thioctic acid (total final concentration 
<600 ppb) to the culture medium resulted in a 7-16% increase in the amount of target 
compounds degradation over the incubation period required for the concentration of the 
compound in the cultures to drop to approximately zero. A corresponding increase in the 
amount of chloride ion produced was also detected during the same period, indicating 
active dechlorination of the target compounds. 
Sometimes the presence of co-substrates enhances the degradation rate of the 
substrate (C hiavola et al.. 2004) lable-1.4. Chiavola et al. (2004) investigated the effect 
of phenol co-metabolism on the biodegradability of 3-CP in a SBR and reported that an 
increase in the ratio of phenol to 3-CP improves the biodegradation rate of 3-CP. 
Suryaman and Hasegawa (2010 used a combined biological-photocatalytic 
treatment for efficient removal of chiorophenols mixture in tap water (I able-1.4). Few 
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reports are also available in literature using granular activated carbon (GAC) for efficient 
removal ofchlorophenols(Lietal., 2010b) 1 able-1.4 
Table-1.4 A quick review on available literature on the present technology and 
chlorophenols biodegradation 
Treatment Findings Reference 
Effect of difl'erent operating 
conditions on aerobic 
granulation was studied 
Aerobic granules were 
cultivated in SBR using 
synthetic urban waste-water 
containing sodium acetate 
as an organic substrate and 
DO was controlled at low 
concentration (0.7±1.0 mg 
Anaerobic-aerobic 
treatment of halogenated 
phenolic compounds 
Removal of 2,4-
dichlorophenol by 
suspended and immobilized 
Bacillus insolitus in an 
activated sludge reactor 
N-removal in a GSBAR 
Aerobic granules were 
cultivated at a COD of 2.5 
kg Acetate-COD m'" in 
SBAR and compared with 
granules in BASR 
Genetic and biochemical 
character-ization of a 2,4,6-
trichlorophenol degradation 
pathway in Rahtonia 
ewfropfe JMPI34 
Degradation of 2,4,6-TCP 
by Ralstonia eutropha 
Both a short HRT and a relative high shear 
were found favourable for granulation. A 
substrate loading rate of 7.5 kg COD m"^  d"' 
was applied. This led to formation of granules 
with an average diameter of 3.3 mm and a 
biomass density of 11.9 g MLVSS L ' granule. 
Microscopic examination showed that the 
morphology of the granules was nearly 
spherical (0.3-0.5 mm diameter) with high 
COD removal efficiency and good settleability 
Beunetal.. I'^ 99 
Stoichiometric conversion of 2,4,6-TCP to 4-
CP was achieved. The latter compound was 
then attacked and completely degraded 
aerobically in a second stage. 
10-200 mg L"' was degraded using suspended 
and immobilized Bacillus insolitus. Both 
immobilized and suspended Bacillus insolitus 
have approximately the same efficiency for 
removal of 2,4-DCP but immobilized pure 
culture is considered to be superior to 
immobilized mixed culture 
Nitrification, denitrification, and removal of 
COD can occur simultaneously in a granular 
sludge SBR 
The most importance difference was that the 
density of the granules in the SBAR was much 
higher than the density of the biofilms in the 
BASR 
Ralstonia eutropha JMP134 can grow on 
several chlorinated aromatic pollutants, 
including 2,4-dichlorophenoxyacetate 
and 2,4,6-trichlorophenol 
Three enzyme activities encoded by tcp genes, 
2,4,6-TCP monooxygenase {tcpA), 6-
^^enaetal., 1994 
Armenante et al.. 149^ 
Wangetal.. 200t 
Beunetal.. 200' 
Beun et al.. 2002 
I ouie et a!.. 2002 
Matus et al.. 20():« 
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JMPI34(pJP4) 
The kinetics of 
chlorophenols (CP) sorption 
by chitosan, poly D-
glucosamine, were studied 
under simulated 
groundwater conditions 
Biodegradation of p-
chlorophenol by microalgae 
consortium 
Effect of H/D ratio on 
aerobic granulation in a 
SBR 
Influence of phenol co-
metabolism for degrading 
3-CP 
Biodegradation of PCP by 
Pseudomonas mendocina 
NSYSU 
Biodegradation of 2,4-DCP 
by Pseudomonas putida 
CPl was investigated in 
batch shake flask-cultures 
Biodegradation of 4-CP by 
acclimatized and 
unacclimatized activated 
sludge 
The influence of glucose 
and fructose on the 
degradation of 2-CP by 
Pseudomonas putida CPl 
The effect of the presence 
chlorohydroxy-quinol 1,2-dioxygenase (icpC), 
and maleylacetate reductase (icpD), are 
involved in this catabolic pathway. 
Lower temperature, from 25 to 15° C and then 
5° C, markedly decreased the adsorption rates 
by a factor of 30-53% and 7-22%. Comparison 
between two types of chitosan, flakes and 
highly swollen beads, demonstra-ted that the 
maximum PCP uptake capacities in Langmuir 
and Freundlich models depend on the specific 
surface area of the particle. 
An aquatic species was discovered from waste 
discharge {Chlorella vulgaris and Coenocc-
hlorispyrenoidosa) was able to remove/>-
chlorophenol under different photo-regimes. 
These results recommended strongly that 
reactor H/D ratio or reactor setting velocity do 
not affect granule formation, and stable 
operation of granular sludge reactor. Hence, 
reactor H/D ratio can thus be very flexible in 
the practice, which is important for the 
application of aerobic granular technology. 
An increase in the concentration of phenol to 3-
CP ratio may improve 3-CP degradation rate 
because of co-metabolism. 
Addition of extra carbon sources (sodium 
acetate and glucose) could not enhance the PCP 
biodegradation. For optimal growlh of P. 
mendocina NSYSU pH should be in between 6 
and 7 and temperature should be in the range of 
20-30° C. Growth of P. mendocina NSYSU was 
inhibited under low oxygen and anaerobic 
conditions. 
2,4-DCP degradation rate increased with 
increasing initial 2,4-DCP concentration up to 
577 mg L"' and then decreases with further 
increases in 2,4-DCP concentration because of 
substrate inhibition. 
4-CP removal was not observed with an 
unacclimated culture, but complete removal 
was achieved with the acclimated culture up to 
300 mg L"'. The Haldane kinetic model 
predicted the biodegradation of 4-CP with 
Vm=41.17 mg4-CP gVSS" h"', Ks=1.104 mg 
L'and Ki=l 94.4 mgL"'. 
The rate of removal of 2-CP was greater in the 
presence of fructose than in the presence of 
glucose. P. putida CPl formed clumps of cells 
when grown on 2-CP and fructose but not on 
glucose 
In the system with mixed components, 2,4-DCP 
Zheng et a!.. 2004 
ima Sofia et al.. 2004 
Pan et al.. 2004 
Chiavoia et al., 2004 
Kaoetal.. 2005 
K.anii and t'ker. 2(t05 
Sahinkayaand Dtietv. 
2005 
lakhruddm and 
Quilt\. 2005 
yuan ef al., 2Q0> 
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of a secondary chlorophenol 
on the removal of 2,4-DCP 
in an activated 
sludge system 
bioaugmented with 2,4-
DCP degrading special 
culture 
Effect of feeding time on 
aerobic granular system 
Treatment of2,4-DCP in a 
sequential jinaerobic 
(UASB) aerobic (CST) 
reactor system at increasing 
organic loading rates 
Effect of various parameters 
(temperature, shear force 
and DO) on aerobic 
granulation 
Degradation of 2,4-DCP by 
Bacillus sp. isolated from 
an aeration pond in the 
Baikalsk Pulp and Paper 
Mill (Russia). 
Biodegradation of 4-CP by 
Candida albicans PDY-07 
under anaerobic conditions 
(35 °C and pH 7.0-7.2) 
The biosorption of 2,4-DCP 
ft-om aqueous solution on 
non-living mycelial pellets 
of Phanerochaete 
chrysosporium was studied 
Effect of the specific 
surface area and operating 
mode on biological phenol 
removal using packed bed 
reactors 
Modelling 4-CP 
degradation in presence of 
2,4-DCP in SBR 
The degradation pathway of 
was always degraded first, and when it nearly 
reached complete removal, 4-CP degradation 
began. A double-stage degradation pattern was 
observed. 
A short feeding time causes a rapid exposure of 
microorganism to the high concentrations of 
toxic substrates leading to their inhibition and it 
is unfavourable for aerobic granulation. 
Anaerobic conditions are essential for 2,4-DCP 
dechlorination by granulated anaerobic 
microorganisms while the remaining inter-
metabolites and phenol mineralized under 
aerobic conditions. 
For better granulation, temperature should be in 
between 29-38 °C, shear force should be greater 
than 2.0 cm s"', DO should be greater than or 
equal to 2.5 mg L"'. 
Degradation of 2,4-DCP was studied using this 
culture in liquid medium under aerobic 
conditions, at initial concentrations of 20-560 
mM 2,4-DCP. 
Candida albicans PDY-07 could biodegrade 4-
CP up to 300 mg L ' within 244 h. and tolerate 
up to 440 mg L ' . However, with increase in 4-
CP concentration substrate inhibition was 
observed. 
The fungal biomass exhibited the highest 
sorption capacity of 4.09 mg g"' at an initial pH 
of 5.0, initial 2.4-DCP concentration of 50.48 
mg L"', 25°C temperature and a pellet size of 
1.0-1.5 mm. The biosorption of 2,4-DCP to 
followed pseudo second-order adsorption 
kinetics. 
The specific surface area strongly affects the 
observed phenol biodegradation rate. Draw-fill 
operation with recirculation of the pilot-scale 
packed bed reactor proved to be a very effective 
operating mode, since homogeneity is achieved 
in the reactor, resulting in a better exploitation 
of the filter volume 
4-CP degrader's fraction in presence of 2,4-
DCP was estimated to be higher than its 
degradation in absence of 2,4-DCP, since 2,4-
DCP degraders were also capable of degrading 
4-CP due to similarity in the degradation 
pathways of both compounds. 
The tcpXanA tcpA mutants completely failed to 
fomei et al.. 2005 
Sponzaand I luko). 
2006 
Haileietal.. 2006 
Matafonova ei al.. 
2006 
Wen et al.. 2006 
Wu and Yu. 2006 
I /iot/ios et al.. 20(i7 
Sahinkayaand Diiek. 
200" 
Sanchez and 
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2,4,6-TCP, in the aerobic 
bacterium Cupriavidus 
«eca/o/'JlViP134(pJP4)is 
identified by the tcp genes 
Reductive dechlorination 
and biodegradation of 2,4,6-
TCP using sequential 
permeable reactive 
barriers: Laboratory studies 
Acidogenic sequencing 
batch reactor start-up 
procedures for induction of 
2,4,6-TCP dechlori-nation. 
Kinetics of 2,4-DCP and 4-
Cl-OT-cresol degradation by 
Pseudomonas sp. cultures 
in the presence of glucose. 
Effect of Mg'" on aerobic 
sludge granulation in SBR 
Treatment of simulated 
wastewater containing 40 
mg L"' of 4-CP was carried 
out in an upflow anaerobic 
sludge blanket (UASB) 
reactor under methanogenic 
condition 
degrade 2,4,6-TCP. Although the tcpC mutant 
was also unable to grow on 2,4,6-TCP but 
transformed it to 6-chlorohydroquinol. But, the 
tcpD mutant grew on 2,4,6-TCP, suggesting the 
presence of additional 
maleylacetate reductase-encoding genes. 
The residence time of 30.2-21.2 h was requi-
red for the complete dechlorination of 
2,4,6-TCP of 100 mg L'' in the column 
reactor. 
A specific maximum 2,4,6-TCP loading 
rate of 60 mM gMLVSS"' d"' was achieved 
before inhibition appeared with onset of 
acidogenic reactor failure. 
The specific growth rates at 0.1 mM 2,4-DCP 
and 4-Cl-m-cresol were estimated to be 0.181 
and 0.154 h'', respectively, showing that 
Pseudomonas sp. is mainly inhibited by 4-Cl-
OT-cresol. 
Mg*^ augmented SBR showed significant 
decrease in the sludge granulation time 32 to 18 
days. The results demonstrated that Mg^^ 
enhanced the sludge granulation process in 
SBR. 
The recommended design parameters for 
treatment of 4-CP in UASB reactor are OLR 
1.7-5.3 kg COD m''' d"', chlorophenol loading 
rate 0.06-0.16 g L ' d ' , HRT 6-16 h, F/M ratio 
0.08-0.28 g COD gVSS"' d"' and SRT 100-266 
d. 
Gonzalez. 200' 
C hoi et al.. 2007 
Vlunetal.. 2007 
/lagova and 
1-iakopoulou-
Kvriakides, 2007 
l ie ta l . . 2008h 
Majumderetal.. 2008 
Phenol and 4-ch!orophenol 
biodegradation by yeast 
Candida tropicalis in a 
FBR 
Biodegradation of phenol 
was studied in batch reactor 
COD, 2,4,6-TCP and 
toxicity removal from 
synthetic wastewater in a 
rotating perforated-tubes 
biofilm reactor. 
Studies of characteristics of 
nitrifying granules 
Feed consisting of a mixture of Phenol and 4-
CP, the FBR was able to remove more than 
98% of 4-CP in the range of volumetric loading 
rates of 4.1 mg 4-CP L"' h ' and 55 mg Phenol 
L"' h"' with no apparent deterioration of 
bioreactor performance. 
The degradation rate was maximum 15.7 mg L" 
' h"' at 400 mg L"' phenol and specific growth 
rate followed Haldane and Han-Levenspiel 
models. 
For the feed 2,4,6-TCP of 400 mg L ', the 
optimum conditions resulting in maximum 
COD (99%), TCP (100%) and toxicity (93%) 
removals vjereA/Q ratio of nearly 165 m^ dm^ 
and feed COD of 2985 m g L ' . 
After 400 days of operation, 1.07 g VSS L"' of 
granular biomass with a mean diameter of 0.9 
V1a\eretal.. 2008 
Saravanan et al.. 2008 
ker and Karui. 2008 
Belmonte et al.. 2009 
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developed in an air pulsing 
SBR 
Biological treatment of 
2,4,6-TCP in hybrid 
bioreactor system (packed 
column biofilm and aerated 
tank bioreactor) with 
effluent recycle 
Biological treatment of 2,4-
DCP in a HLR 
Evaluation of pre-anoxic 
feast period on granular 
sludge fomnation in a 
SBAR 
Granulation of activated 
sludge in a pilot-scale 
sequencing batch reactor for 
the treatment of low-
strength municipal 
wastewater 
mm was accumulated in the system. The 
maximal nitrate production rate was 0.3 kg N 
m' d"'. Nitrosomonas spp. and Nitrospira spp. 
were identified as the main ammonia and nitrite 
oxidizing population. 
Biomass concentrations in the column reactor 
were higher than those of the aeration tank 
because of high cell retention by biofilm 
formation yielding higher COD and TCP 
removals in the packed column. TCP loading 
rate should be lower than 300 mg TCP g 
biomass' d"' in order to obtain more than 90% 
COD and TCP removals 
Nearly 70% COD removal was achieved with a 
feed DCP content of 380 mg L"'. The system 
should be operated with the feed DCP lower 
than 100 mg L"' in order to obtain DCP, COD 
and toxicity removals above 90%. 
The presence of pre-anoxic phase clearly 
improved the densification of aggregates and 
allowed granular sludge formation at reduced 
air flow rate (0.63 cm s''). A low sludge volume 
index of 45 mL g' and a high MLSS 
concentration (9-10 g L'') were obtained in the 
anoxic/aerobic system compared to more 
conventional results for the aerobic reactor. 
The results shows that the volume exchange 
ratio and settling time of an SBR were found to 
be two factors in the granulation of activated 
sludge grown on the low-strength municipal 
wastewater. 
i;ker and Kariil. lom 
Dilaver and K.argi. 
:009 
W an et al.. 2004 
\ i et al.. Km 
Role of selective sludge 
discharge as the 
determining factor in 
SBR aerobic granulation 
Effect of different settling 
times on aerobic 
granulation in SBR 
Acetate fed aerobic granular 
sludge for the degradation 
of4-CP 
Role of denitrification on 
aerobic granular sludge 
formation in sequencing 
batch reactor 
The results suggested that aerobic granula-
tion may not require the dominance of any 
particular species. Small and loose sludge floes 
were found to have an advantage over larger 
and dense granules in substrate uptake. 
The results demonstrated that short settling 
times at initial stage principally determine the 
efficiency of subsequent granulation process-es. 
Early granulation of aerobic granules is 
observed at a settling time of 5 min. 
Aerobic granules grown on acetate as carbon 
source proved to be an interesting solution for 
the degradation of 4-CP, showing good resist-
ance to high 4-CP concentrations. 
The results proved that the presence of nitrate 
(commonly provided by nitrification)in SBRs 
can assist the densification of the biological 
aggregates in aerobic condition and can be 
.1 and Li. 20(N 
\dav et al.. 200'-)a 
( arucci et al.. 200^ 
Wan and Sperandio 
:009 
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Effect of long term 
anaerobic and intermittent 
anaerobic/ aerobic 
starvation on aerobic granui 
es 
E'ffectofBSCandANG 
support on aerobic 
granulation 
Cometabolic biodegradation 
of4-CPbySBRsat 
different temperatures 
Evaluation of pre-anoxic 
feast period on granular 
sludge formation in a 
SBAR 
Cometabolism of 2,4-DCP 
and 4-Cl-i7j-cresol in the 
presence of glucose (growth 
substrate) by 
Staphylococcus xylosus 
Enhanced storage stability 
of aerobic granules seeded 
with activated sludge ftocs 
and pellets 
Aerobic granules cultivated 
on low and high ammonium 
and phosphate salts 
Effects of seed sludge 
properties and selective 
considered as a possible factor which helps to 
maintain the granulation process. 
The loss of granular compactness was faster 
and more pronounced under anaerobic/ 
aerobic starvation conditions. These results 
suggested both anaerobic and intermittent 
anaerobic/aerobic conditions are suitable for 
maintaining granule structure and activity 
during starvation. 
The granule formation with ANG support was 
found to be similar to that of non-support 
cultivation, i.e. granules formed from activated 
sludge. However, BSC support showed better 
settleability, compactness and resistance against 
organic shock loading. BSC also support rapid 
granulation. 
Both 4-CP and phenol can be completely rem-
oved in SBR within a wide range of 4-CP 
influent concentrations (phenol and 4-CP feed 
concentrations: 525 and 105-1470 mg L"', 
respectively) at temperatures between 20 and 
35 "C. 
The presence of preanoxic phase clearly 
improved the densification of aggregates and 
allowed granular sludge formation at reduced 
air flow rate (0.63 cm s"'). A low sludge volume 
index of 45 mL g"' and a high MLSS 
concentration (9-10 g L"') were obtained in the 
anoxic/aerobic system compared to more 
conventional results for the aerobic reactor. 
4-Cl-m-cresol exhibited higher substrate-
induced toxicity with A"ig value at 0.25mlVI, 
comparing to 2,4-DCP {K\g value at 0.90mM) 
at concentration ranging from 0.1 to 0.5mM. 
Compared with granule based on pellets, floes 
based granules had more decrease in biomass 
concentration, settleability, hydrophobicity, and 
EPS concentration after the storage. Aer-
obic granules seeded with pellets were more 
resistant against storage, and thus would have 
greater potential in practical applications. 
Aerobic granules cultivated with low 
ammonium and phosphates lost structural 
stability within 3 days in CFRs while 
stable aerobic granules were cultivated in 
substrate with high levels of ammonium salts 
that could stably exist for 216 days CFRs with 
or without submerged membrane 
The results showed that aerobic granules could 
be formed in the reactors from both seed sludge 
Pijuanetal.. 20(1^ ^ 
Thanh et al.. 20(iw 
Vionsalvoetal.. 201)9 
Wan et al.. 200^ 
/iaeova et al.. 2()()9 
Xuetal.. 201(1 
Juanaet al.. 2010 
Shengetal.. 201:) 
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biomass discharge 
on aerobic sludge 
granulation 
Cultivating autotrophic 
nitrifying granules in SBR 
Aerobic granules with 
inhibitory strains and role 
of extracellular polymeric 
substances 
Comparing the effect of 
Ca'" and 
Mg^ " enhancing aerobic 
granulation in SBR 
Cultivation of aerobic 
granules by seeding MMPs 
to bioreactor 
Effect of seed sludge Beer 
waste-water treatment plant 
(BWTP) and Municipal 
wastewater treatm-ent plant 
(MWTP) on character-istics 
and microbial community 
of aerobic granular sludge 
Behavior of polymeric 
substrates in an 
aerobic granular sludge 
system 
Effect of filamentous 
growth on aerobic granular 
system 
(small loose floes and larger denser floes) of 
different structural and settling properties. 
Selective sludge discharge facilitated the 
growth and accumulation of denser sludge in 
the reactor, leading to complete granulation. 
Both ammonia and nitrite-oxidizing bacteria 
were observed in the granular sludge. An NH4'-
N concentration range of 100-250 mg L"' was 
found to be favourable. 
The compact nature of aerobic granules was 
generally assumed to provide spatial isolation, 
resulting in the co-occurrence of diverse strains 
that have similar or dissimilar functions. 
Reactor fed with Ca"^  (Rl) showed 
faster granulation process and better physical 
characteristics compared with reactor having 
Mg^ * (R2). However, the mature granules in R2 
had a higher production yield of 
polysaccharides and proteins with a faster 
substrate biodegradation rate. 
Strain HSD can form MMPs under high 
Mn^ ^ concentration. BAGs can be cultivated 
using MMPs. MMPs result in the formation of 
aerobic granules containing MMPs as nuclei 
and also induce the formation of self-
immobilized biogranules which do not have the 
MMP at their core. 
BWST was more suitable for cultivating 
aerobic granules than that of sludge fi-om 
MWTP. The results suggested that dominant 
species in mature granules cultivated by BWTP 
were Paracoccus sp., Devosia hwasunensi, 
Pseudoxanthomonas sp., while the dominant 
species were Lactococcus rajjinolactis 
and Pseudomonas sp. in granules developed 
from MWTP. 
Aerobic granules maintained on starch as sole 
influent carbon source were filamentous and 
irregular. Low starch hydrolysis rates, leading 
to available substrate during the aeration period 
(extended feast period) and resulting in 
increased substrate gradients over the granules 
which induces a less uniform granule 
development. 
Filamentous granules exhibited low porosity 
and fast settling velocity, and were more 
compact even than bacteria granules. Filame-
Shietal.. 2010 
Adav etal.. 2010 
Liu etal.. 2010 
Haileietai.. 2010 
Sonaet al.. 2010 
dc Kreuket a!.. 20 0 
Li etal.. 201 On 
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The role of nitrate and 
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photocatah/tic removal of 
chlorophenols mixture in 
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Enhancing biodegradation 
of 4-CP hy Arthobacter 
chlorophenolicus A6 via 
medium development 
Effect of granular activated 
carbon (GAC) on 
biodegradation of phenol 
and 4-CP 
Comaetal.. 2010 
ntous microbes could form compact granular 
structure, which may encourage the utilization 
of filamentous microorganisms rather than the 
inhibition of their growth, as the latter is 
frequently used for sludge bulking control. 
Results showed that positive charged particles Wu et al.. 2010 
were formed with the release of phosphorus in 
the anaerobic stage. These particles served as 
the cores of granules and stimulate the 
granulation. Further, smaller granules had a 
higher specific area, pore width and phospho-
rus removal activity than bigger granules. 
It was reported that aerobic granules allowed 
anoxic phosphorus uptake using either nitrite or 
nitrate as an electron acceptor. Nitrate presence 
was the best option for phosphorus-rich 
effluents (3.04 mg P mg 'N), while nitrite was 
more useful with the simultaneous nitrification-
denitrification and phosphorus removal of 
nitrogen-rich influents (1.68 mg P mg 'N). 
The combined biological-photocatalytic 
treatment significantly shortened the 
degradation and mineralization time of both the 
biological treatment and the photocatalytic 
treatment with a chlorophenols removal rate of 
25.8 mgh' . 
The results revealed 100% 4-CP biodegra-
dation efficiency with a maximum specific 
growth rate of 0.093 h ' at an optimum 
combination of 2.62 g L ' of K2HPO4, 
0.58 g L"' of NH4NO3, 0.17 g L ' of MgS04 
and 0.04 g L"' of CaCU in the medium. 
It was found that both chemically activated and I i et al.. 201 Ob 
thermally activated GAC effectively adsorb 
phenol and 4-CP. More than 80% adsorbed 
substrates were later desorbed, showing 
reversible sorption behaviour in the GAC. 
Suryaman and 
Haseiiawa. 20 h 
Sahooetal.. 20,1) 
This is all about aerobic granulation. 
5. DISINFECTION 
Disinfection is usually the final process before discharge. The effluent from SBR 
is treated with some sort of disinfectants, in order to destroy the harmful (pathogenic) 
microorganisms, i.e. disease-causing germs. The object is to reduce the number of 
harmful ones to levels appropriate for the intended use of the receiving water. 
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The most commonly used disinfectant is chlorine, which can be supplied in the 
form of a liquefied gas which has to be dissolved in water, or in the form of an alkaline 
solution called sodium hypochlorite (NaC104), which is the same compound as common 
household chlorine bleach. Chlorine is quite effective against most bacteria, but a rather 
high dose is needed to kill viruses, protozoa, and other forms of pathogen. Chlorine has 
several problems associated with its use, among them: 
I. That it reacts with organic matter to form toxic and carcinogenic chlorinated 
organics, such as chloroform. 
II. Chlorine is very toxic to aquatic organisms in the receiving water- The USEPA 
(United States Environment Protection Agency) recommends no more than 0.011 
parts per million (ppm) of chlorine in discharge water. 
III. It is hazardous to store and handle. 
Hypochlorite is safer, but still produces first two problems given above. The 
second problem (as given above) can be dealt with by adding sulphur dioxide (SO2), a 
liquefied gas or sodium sulphite or bisulphite (solutions) to neutralize chlorine. The 
products are nearly harmless chloride and sulphate ions. This may also cope with problem 
first (as given above). 
A more powerful disinfectant is ozone (O3), an unstable form of oxygen 
containing three atoms per molecule, rather than two found in the ordinary oxygen gas 
which makes up about 21% of the atmosphere. Ozone is too unstable to store, and has to 
be made as it is used. It is produced by passing an electrical discharge through air, which 
is then bubbled through the water. Although chlorine can be dosed at a high enough 
concentration so that some of it remains in the water for a considerable time, ozone is 
consumed very rapidly and leaves no residual. It may also produce some chemical by-
products, but probably not as harmful as those produced by chlorine. 
The other commonly used method of disinfection is ultraviolet light. The water is 
passed through banks of cylindrical, quartz-jacketed fluorescent bulbs. Anything which 
can absorb the light, such as fouling or scale formation on the bulbs' surfaces, or 
suspended matter in the water, can interfere with the effectiveness of the disinfection. 
Some dissolved materials, such as iron and some other compounds, can absorb some of 
the light. Ultraviolet disinfection is becoming more popular because of the increasing 
complications associated with the use of chlorine. 
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Bioremediation of 2-chlorophenol containing wastewater by aerobic 
granules-kinetics and toxicity 
A chlorophenol is any organochloride of phenol that contains one or more 
covalently bonded chlorine atoms. Chlorophenols are produced by electrophilic 
halogenation of phenol with chlorine. 2-Chlorophenol or or//?o-chlorophenol (2-CP) has a 
medicinal taste and smell, and is a slightly acidic liquid (its acid dissociation constant is 
8.83). It is used as a disinfectant agent. 
2.1 STRUCTURE, OCCURRENCE, HAZARDS AND USES OF 2-
CHLOROPHENOL 
2.1.1 Structure 
CM 
.CI 
^^^v^ 
2-ChlorophenoI or o-ChlorophenoI 
Appearance- Light amber, liquid 
Molecular formula- CbHsCIO 
Molar mass-128.56 g moi' 
Density-1.262 g cm' liquid 
Melting point-8 °C (46.40°F) 
Boiling point-173.0-175.0 °C 
Solubilitv- Slightly soluble in 
water (20-25°C) 
Green, red and white balls are chlorine, oxygen and hydrogen, respectively while edges 
are carbon. 
2.1.2 Occurrence 
Ortho, meta and /jara-chlorophenols are synthetic organic compounds and have 
no known natural sources (Howard. 1990). The majority of releases of chlorophenols to 
the environment are caused by spills and leachate fi"om treated wood. They are also enters 
the environment as breakdown product of agricultural pesticides (I SFPA. 1984). 
Chlorophenols are also emitted during treated wood combustion. Significant 
amounts of chlorophenol are produced during the chlorine bleaching process in pulp and 
paper mills, incineration and water chlorination. The releases from manufacturing 
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industries are significant with accidental spillage being negligible. There are believed to 
be no significant natural sources. 
2.1.3 Hazards 
2-CP poisonous may be fatal if inhaled, swallowed or absorbed through skin. 
Irritating to skin and eyes; direct contact may cause burns, redness and irritation on skin. 
Rats receiving lethal doses via oral, subcutaneous or intraperitoneal routes displayed 
similar symptoms: restlessness, increased breathing rate and motor weakness followed by 
tremors, chronic convulsions, dyspnoea, coma and death {I SC"(i. \W9). Bums and 
produces toxic and irritating gases (( SC(I. 1999). 
2-CP is toxic to plants, fish and invertebrates. Chlorophenol spills have resulted in 
the adverse effects on aquatic life. Exposure to large quantities of chlorophenol impairs 
algal reproduction and primary production. Chlorophenols have the ability to bio-
accumulate in the environment giving rise to concern that 2-CP may be a global pollutant. 
2.1.4 Uses 
Chlorophenols are used in leather tanning and finishing works 2-CP is used as 
synthetic intermediates for dyes and chlorinated phenols. It is also used as disinfectant 
and as a denaturant for alcohol, as an antiseptic, and as a selective solvent for refining 
mineral. 
2.2 INTRODUCTION 
Chlorophenols are xenobiotic compound that enter the environment through 
industrial operations such as pulp bleaching, pesticides production, chlorination of water 
etc. Chlorophenols are generally recognized for their toxicity and recalcitrant nature 
(Carruci t;t al., 2010). They are used as herbicides, insecticides, fungicides, wood 
preservatives and resins (Monsalvo et al.. 2009). 2-CP is on the list of 129 water-related 
priority organic pollutants (I St PA. 2002) and formed as a result of breakdown of 
pesticides and chlorinated aromatic compounds (fakhruddin and Quilt>. 2005). It is 
highly toxic and persistent and cause gastrointestinal problems, skin irritation and 
carcinogenicity and in some cases poses a serious ecological threat as environmental 
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pollutants (Quart et al.. 2004). EC50 of 2-CP with Daphnia magna was found to be 6.20 
mg L"' over a period of 48 h (Randall and Knopp. 1980). 
Several decontamination techniques including adsorption, solvent extraction, and 
chemical oxidation are available for removing chlorophenols. However, each of them 
suffers high cost and possibility of toxic products formation (Monsalvo et al.. 2009). 
Biological treatment of chlorophenol containing wastewaters provides more specific 
conversions, is relatively inexpensive and usually results in complete mineralization 
(DilavLT and Kargi. 2009; Bali and Sengu'. 2002) In most of the bioremediation 
processes Gram-negative bacteria e.g. Pseudomanads are used for degradation (/iagova 
cl al.. 2009). Chlorinated aromatics are usually degraded via ort/20-cleavage pathway. 
However, in some cases successful ring cleavage via chlorocatechol or catechol using 
weto-cleavage pathway has also been reported (Snvder et al.. 2006). Intermediates formed 
during biodegradation of chlorinated phenols may be phenol and/or catechol (dehalo-
genation before ring cleavage) or chlorocatechol (dehalogenation after ring cleavage) 
lAiardin et al.. 2001). Hence, chlorocatechols or catechols are the main intermediates 
during biodegradation of a wide variety of chlorinated aromatics. 
In conventional biological treatment systems, the microorganisms are easily 
inhibited by the toxic chlorophenols to be treated and the biomass is easily lost from the 
system thus greatly reducing the treatment efficiency (Wang et al.. 2000). Utilization of 
immobilized cells or biofilms reactors was reported to improve chlorophenols removal 
due to high biomass concentrations (Kargi and I ker. 2005) 
Among the available immobilization techniques, aerobic granulation is attracting 
increasing interest (Shi et al., 2010). Aerobic granulation is a novel environmental 
biotechnique which has been extensively reported in sequencing batch reactors (SBR) 
(Wang et al.. 2007). Microorganisms under high shear force conditions would promote 
the formation of compact granules to resist damage of suspended (Bclmonte et al., 2009) 
cells at high substrate concentrations. Microbial aggregation into compact aerobic 
granules offers additional benefits such as protection against predation and resistance to 
chemical toxicity (Jiang et al.. 2004). Aerobic granulation offers better effluent quality, 
higher treatment efficiency (Liu et al., 2010) and the better tolerance to high shock 
loading rate. Compared to conventional process, the main feature of SBR is its cycle 
operation, where each cycle consisting of filling, aeration, settling and discharging. The 
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objective of this study is to characterize the effluent coming out of the reactor and to 
evaluate the toxicity removal and kinetics of 2-CP biodegradation in a SBR. A feed 
concentration in the range 20-140 mg L'" was utilized in SBR operating at 8 h HRT with 
50 % volumetric exchange ratio. 
Therefore our studies focused on better 2-CP degradation without co-substrate and 
toxicity removal along with determination of various parameters (COD, MLVSS, SVl, 
cell growth rate, granules, EPS characterization and kinetics) during biodegradation in 
SBR. 
2.3 MATERIALS AND METHODS 
2.3.1 Chemicals 
2-Chlorophenol, a xenobiotic compound was a G.R. Product of Fisher Scientific, 
India and was used as received. 2-CP has a chemical formula of C6H4(0H)C1, with 
molecular weight of 128 g mof'. All chemicals were used in analytical reagent grade and 
supplied by Fisher Scientific India. 
2.3.2 Biomass sources and basal medium 
Mixed microbial culture with a MLVSS of 1.5 g L'' and SVl of 120 mL g' was 
taken as a source of aerobic sludge from secondary clarifier of Star Paper Mills, 
Saharanpur, India. It was brown initially with a loose, flufly and irregular morphology. Its 
colour was then changed to white and finally to yellow during the course of experiment. 
The basal medium used in this experiment contained (g L''): 
Macro nutrient given in Table-Z. 1 i Ahmad et al.. 2010) 
Micro nutrient are given in Iable-2.2 (Ahmad et al.. 2010) 
For optimal microbial growth, media was supplemented with 1 mL L of 
micronutrients was added to SBR in every cycle. 
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Table-2.1 Macronutrients composition for basal medium 
Macro Nutrients 
NH4CI 
MgSO4.5H20 
K2HPO4 
KH2PO4 
Amount required (g L') 
0.02 
0.13 
1.65 
1.35 
Table-2.2 Micronutrients composition for optimal microbial growth 
Micro Nutrients Amount required (g L') 
H3BO3 005 
ZnCb 0.05 
CuCb.2 H2O 0.03 
MnS04.H20 0.05 
M07O27.4H2O 0.05 
A1C13-6H20 0.05 
NiCI-eH.O 0.05 
NH4Se03-5H20 0.05 
NaSe03-5H20 0.05 
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2.3.3 Experimental Set up 
Two column type cylindrical reactors (experimental reactor and control reactor) 
made of transparent Perspex-glass (height 150 cm and diameter 5 cm) was used with a 
working volume of 1.4 L (I ig 2.1). The reactor was maintained at room temperature and 
started up with 1.4 L of aerobic sludge. Fine bubble aerator was fixed at the bottom for 
supplying air at a superficial gas velocity above 1.2 cm s"'. A port was fitted at 70 cm 
along the height of the SBR and used for collecting effluent samples (Fig 2.:). 
All the experiments were performed at constant temperature (30±5 °C) and the pH 
of the system was maintained at around 8 throughout the study. Since the effluent from 
paper mills contain phenolic compounds, so the microbes present in such waste are 
already acclimatized for phenols and chlorophenols through natural selection, which 
shortens the acclimatization period in our case. However, for getting more specific 
microorganisms for 2-chlorophenol removal, activated sludge was inifially conditioned 
over a 15-day period to allow the biomass to adapt to 2-CP before inoculafing into SBR. 
15% of the sludge was wasted every third day which gives a constant SRT of 20 days. 
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tiral study) 
11 
Aerator 
Fig 2.1 Complete experimental assembly during the study (1) Experimental reactor with 
granular sludge (2) Control reactor without any sludge 
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2.3.4 SBR Operation 
The reactor was operated sequentially in 4 h cycle with 50% volumetric exchange 
ratio giving an HRT of 8 h. Each cycle consist of: 5 min influent addition, 195-223 min 
aeration, 30-2 min settling, 5 min effluent withdrawal and 5 min idle (no stirring). 
Various ojjerational parameters are shown in 1 able-2.3. 
For measuring abiotic losses, a controlled reactor was used having same 
dimensions but without aerobic sludge (Fig 2.'). It was observed that abiotic losses due to 
evaporation and photo-degradation by sunlight were less than 3%. 
2.3.5 Seed sludge and wastewater 
Aerobic sludge with a MLVSS concentration of 1.5 g L"' was taken from 
secondary clarifier of Star Paper Mills, India and used as seed sludge for cultivating 
aerobic miicrobial granules. Initially, the sludge was acclimated in an aeration tank for 
a period of 15 days. During acclimation period, it was fed with 5-20 mg L'' of 2-CP in 
mineral salt medium. Later on, the acclimated sludge was inoculated in to SBR. 
A mother solution of 2-CP was prepared with a strength of 1000 mg L'' in double 
distilled water. Required concentrations of 2-CP were obtained by proportionate dilution 
with double distilled water. The SBR was fed with 2-CP (20-140 mg L'') in mineral salt 
medium (basal medium) whose composition was above in 'Iable-2.1 and 2.2 
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Table-2.3 Operating parameters of the SBR reactor 
Parameter Value Unit 
HRT 8 hr 
SRT 20 days 
o L" fiiomass concentration 
(MLVSS) 
Influent 2-CP 
Organic load 
Temperature 
DO 
pH 
Woricing volume 
Residual volume 
1.5-2.56 
20-120 
1200-3800 
30±5 
4-5 
7-8 
1.4 
0.7 
-1 J„..-l 
mgL-' 
mg COD g ' VSS"' day" 
°C 
mgL-' 
L 
L 
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2.3.6 Analytical methods 
Chemical oxygen demand (COD) in influent and effluent samples, pH, sludge 
volume index (SVl) and mixed liquor volatile suspended solids (MLVSS) were evaluated 
according to the Standard Methods for Examination of Water and Wastewater (APRA. 
2002). Growth of the culture was monitored in terms of optical density at 600 nm using 
UV-Visible spectrophotometer (Shimadzu 1601) according to the method given by 
(/iagova and Liakopoulou. 2007). The specific growth rate was estimated from the slope 
of the exponential phase of growth curve (optical density curve). All the experiments 
were performed in triplicate. 
UV-Visible studies were done using Shimadzu 1601 UV-Visible 
spectrophotometer in the wavelength range 190-700 nm (APHA. 2002) Spectra of the 
influent samples were recorded after required dilution in order to confine the absorbance 
value below 2.0. However, the effluent samples were first filtered using 0.22 fxm pore 
size filter paper and then the spectra was taken directly using double distilled water as 
blank. A calibration plot (absorbance versus concentration of 2-CP) was drawn and used 
for estimating the concentration of unknown 2-CP solutions. The plot was linear (R' = 
0.98) between 0 and 150 mg L'' 2-CP solution. 
Percent COD removal and 2-CP removal efficiency was determined using the following 
relations: 
% COD removal = [(Influent COD - Effluent COD) / Influent COD] * 100 
SVl = Settled volume (mL) / MLSS concentration (g) 
Morphology and surface characteristics of mature aerobic granules were studied 
using scanning electron microscopy (ZEISS EVO Series EVO 50 Microscope). Granules 
were prepared for SEM image according to the method described by (1 vanov et al.. 20061 
Briefly, granules were prepared for SEM image by washing with a phosphate buffer and 
fixing v/ith 2% glutaraldehyde overnight at 4 °C. Fixed granules were washed with 0.10 
M sodium cacodylate bufl^ er, dehydrated by successive passages through 25, 50, 75, 80, 
90, 95 and 100% ethanol and dried with a CO2 Critical Point Dryer. FTIR of the influent, 
effluent and EPS were taken using Interspec 2020 Spectrolab (UK). 
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Gas chromatography analysis (Buck Scientific 910 Model Gas Chromatogram) of 
2-CP was done in order to determine the number of products formed during aerobic 
biodegradation of 2-CP. The monooxygenase reaction end products were performed on a 
GC system equipped with a DB-5 (30 m by 0.25 mm) capillary column (RESTEK, USA). 
Samples were extracted and derivatized by a previously described method (Knapp. 1979; 
L ouie et al., 2002). For instance, the reaction solutions were acidified to pH 4 (10 mL of 
concentrated HCl per mL of reaction mixture), and aromatic compounds were extracted 
into ethyl acetate (1:1 [vol/vol]; total volume, 2 mL). The solution was heated at 45°C for 
20 min and then analyzed directly by GC and GC-MS at a flow rate of 0.8 mL min"' of 
helium. The oven temperature was 50°C with a hold for 3.5 min, then a ramp of 30°C 
min"' increase to final temperature of 300°C and hold for 3 min. The injector and detector 
were at 250 and 300°C, respectively. The samples were analyzed with in a scan interval 
of 0.34 second and an m/z range of 20 to 200. The instrument used for GC-MS PERKIN 
ELMER CLARUS 500 Gas Chromatograph-Mass Spectrometer. 
2.3.7 Kimetic study 
The ability of granules to degrade 2-CP was evaluated by studying the kinetics of 
biodegradation in 250 mL serum vials containing different concentrations of 2-CP (20-
140 mg L"') in mineral salt medium. 100 mL of granular sludge was added to each serum 
vials and the content was kept on rotatory shaker for 4 h and studied periodically (after 
every 30 min). 
2.3.8 Piasmid nicking assay 
E.coU K-12 strain was used to check the toxicity of degradation product by SBR. 
This assay was carried out as described by Rahman et al. (1990). Briefly, 0.5 ng of 
covalently closed circular pBR322 DNA (0.5 ng) was treated with the untreated control 
as well as treated 2-CP water sample in a total volume of 30 ^L for 1 h. After the 
treatment, 8 nL of 5x tracking dye [40 mM EDTA, 0.05 % bromophenol blue and 50 % 
(v/v) glycerol] was added and loaded on 1 % agarose gel. The gel was run at 50 mA for 2 
h and stained with ethidium bromide (0.5 ^g L"') for 30 min at room temperature. After 
washing, the gel was visualized on fotodyne UV transilluminator (USA) and 
photographed. 
Chapter-2 67 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
2.4 RESULTS AND DISCUSSION 
2.4.1 Formation of 2-CP degrading aerobic granules 
The reactor was started up with acclimated activated sludge having SVI value of 
120 (Hig 2.2). A settling time of 30 min was given initially to avoid excess loss of sludge. 
In subsequent weeks, the settling time was reduced to 10 min and finally to 5 min. Small 
granules rapidly grew in subsequent week while more floe like sludge was washed out 
due to reduction in settling time. After few weeks, the biomass was dominated by tough 
and stable granules. It was also observed during the study that as the flufiy biomass 
changed in to compact granules, the SVI value of the sludge decreases and the final SVI 
value of mature granules was 35 mL g'' (fig 2.21. Aerobic granules are compact in 
structure with good settling properties and hence SVI of granular system is quite low. The 
diameter of mature granules was around 1-2 mm. The average settling velocity of 
granules was in the range of 2.3-3.9 cm s"' which was much higher than that of activated 
sludge floes reported by Campos et al. (I99<J). It was also observed that a 2 min settling 
causes granules to settle, leaving clear supernatant. 
Cell growth was monitored in terms of optical density (OD). Cell growth 
increases from an initial value of 0.9 to 1.7 (f ig 2.2). However, cell growth also show two 
sharp decrease on day 15 and 35 because of washout of poor settling floes. This 
behaviour was quite similar to MLVSS. The specific cell growth rate was found to be 
0.013 d"'. 
1 ig 2 2 also showed the variation of influent 2-CP concentration during the study. 
Increase in 2-CP concentration neither inhibits the growth of cells nor does it affect 
efficient granulation and reactor performance (Fig 2.2). Hence, it was proved that aerobic 
granules in SBR can tolerate the toxic affects of chlorophenols. 
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Fig 2.2 Variation of influent 2-CP concentration, SVI and OD during the study 
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2.4.2 Characterization of granule 
Scanning electron microscopic (SEM) observations revealed that the mature 
aerobic granules had a very compact microstructure in which cells were tightly linked 
together and round bacteria were predominant (Fig 2.3a and b). tig 2.3a shows the 
compact and irregular structure of granule with different dominating species of 
microorganisms. It is quite reflecting that aerobic granulation is a gradual process 
involving the progression from seed sludge to compact aggregates, further to granular 
sludge and finally to mature granules. The granules surface show folds, crevices and 
depressions which allows greater mass transfer leading to better activity i (ig 2 3h) 
2.4.3. Variation of COD, MLVSS and reactor performance (% removal 
efficiency) 
The seed sludge was taken from secondary clarifier of Star Paper Mill, 
Saharanpur, India and used for cultivating aerobic granules. MLVSS of the sludge 
increases throughout the study to stabilize at 2.5 g L'' as illustrated in fig 2 -i However, 
MLVSS showed a sharp decrease on day 15 and 35 due to reduction in settling time 
which acts as a selection pressure for compact biomass and meanwhile favours 
granulation. A continuous increase in MLVSS after day 33 shows the effectiveness of 
chosen operating strategy. 
It vras observed that 4 h cycle time was sufficient for COD reduction from 1600 to 
150 mg L"'. For a given aeration period, it appeared that a starvation phase existed during 
SBR operation. Initial COD value was around 500 mg L'' with corresponding removal 
efficiency of 60% because the system was unstable. 
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Fig 2.3 SEM image of 2-CP degrading mature granules at (a) 5000x and (b) 15000x 
magnifications 
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Fig 2.4 COD, MLVSS and reactor performance (% removal efficiency) 
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However, after steady state (25 days), system was recovered to 70 % and a final 
COD removal efficiency of 94% was achieved (Fig 2.4). The aerobic granules in SBR 
sustained the ill affects of variable COD rate from 500-1600 mg L"' 4h"' corresponding to 
an organic load of 0.12 to 0.38 g COD g"' MLVSS"' d'. It was observed that the system 
can withstand higher organic load and fluctuation is organic load which otherwise cause's 
failure of conventional activated sludge process. 
2.4.4 Characterization of products of biodegradation using different techniques 
2.4.4.1 UV- Visible study of the influent and effluent 
UV spectra of 2-CP influent (influent in mineral salt medium) and effluent during 
its biodegradation are shown in Fig 2.5. The spectrum was taken in the wavelength range 
of 190-700 nm. Influent 2-CP spectrum shows a single prominent peak at ^ax of 270.0 
nm corresponding to 2-CP (Fig 2.5). However, no such prominent peak was observed in 
the effluent spectrum showing biodegradation of 2-CP in SBR by aerobic granules. 
2.4.4.2 Gas Chromatographic analysis 
Gas chromatographic analysis was done in order to determine the number of 
products (with retention time) formed during monooxygenase reactions and the results are 
shown in Fig 2.5 (inset). Three peaks were observed in the GC spectra of effluent samples 
extracted using ethyl acetate as described above. Largest peak corresponds to the solvent 
i.e. ethyl acetate at a retention time of 10.325 min. In addition to ethyl acetate, two more 
peaks (at retention time of 4.575 min and 12.45 min) were observed showing the 
formation of two biodegradation products. 
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Fig 2.5 UV-spectra of influent and effluent samples during biodegradation of 2-CP 
(Gas Chromatographic studies of effluent samples are shown in the inset) 
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2.4.4.3 Gas Chromatographic and Mass Spectrometric Studies 
There may be several degradation products depending upon the type of pathway 
followed by mixed culture during biodegradation of a particular substrate (Fahmy et a!., 
1994; Snyder et al., 2006). Two catabolic pathways generally followed during 
chlorophenols biodegradation, which involves dehalogenation before ring cleavage and 
dehlogenation after ring cleavage (Snyder et al., 2006). Cleavage of the aromatic ring 
may preferentially occur using either the meta- or the ortho- pathway. Methyl phenols 
mostly followed weto-claevage while the chlorinated phenols usually prefer ortho-
cleavage (Farell and Quilty, 1999), since weto-cleavage of chlorophenols via 3-
chlorocatechol results in the production of dead end metabolites. A very few authors have 
reported the successful degradation of chlorinated aromatics (esp. chlorinated phenols) 
occurred through weto-cleavage pathway (Mars et al., 1997). The potential probable 
intermediate of 2-CP biodegradation in our study was 3-chlorocatechol (m/z 145, Fig 
2.6a) which then transformed into 2-chloro-hex-2,4-diene-l,6-dioic acid (m/z 176, Fig 
2.6b) an aliphatic compound after or///o-cleavage as shown below (equation-1). Tlie 
aliphatic compound thus formed finally undergoes a dehalogenation (after ring cleavage). 
OH 
,C1 
lOil 
OH 
HO a 
y 
a 
COOH 
COOH 
|0:I 
\ 
« 
2-Chloropheiiol 
(M=129) 
3-Chlorocatechol 
(M=146) 
2-Chloro-hex-2/t-diene-l^dioic acid 
(M=176) 
Proposed biodegradation pathway of 2-Chlorophenol by aerobic granules 
Conversely, Farrell and Quilty (1999) reported the production of 5-chloroformyl-
2-hydroxy-penta-2,4-dieneoic acid, an inactive monooxygenase via meto-cleavage of 3-
chlorocatechol. Hence the mixed cuhure is capable of degrading 2-CP via catechol 
pathway. 
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Fig 2.6 (a and b) Gas Chromatographic-Mass Spectrometric investigation of the reactor 
effluent 
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2.4.4.4 Characterization of influent, effluent and EPS during 2-CP biodegradation by 
FTIR 
FTIR investigation was done to ascertain composition of influent, effluent and 
EPS secreted by bacteria during biodegradation of 2-CP. Kig 2.7 (1) and (2| shows the 
FTIR spectra of influent 2-CP and effluent. C-H and OH stretching are observed at 2900 
and 3400 cm' (Silvcrstein ei al.. IWly.A characteristic peak at 1340 cm"' in hig 2.7( 1) 
shows C=C stretching of benzenoid ring (Bandara ct al.. 2001). This peak occurs at a 
frequency lower than its expected value because of the interaction with metal ions present 
in tap water used in the influent. However, no such peak (around 1340 cm"') in effluent 
FTIR [I iu 2,7(2| shows the cleavage of ring during the SBR cycle by aerobic bacteria. A 
sharp peak at 2200 cm"' in FTIR spectra of effluent corresponds to the presence of CO2 
formed during biodegradation. Peaks at 3300 cm"' show the presence of-OH group. A 
hump towards the extreme right (450-550 cm"') is due the presence of metal ions as 
observed in 1 ig 2.7(2) ,,BI«=*'=«=S. • & 
\y\fK<iL. No \ ^ I 
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Fig 2.7 FTIR spectra of 2-CP influent (1), effluent (2) and EPS (3) during 2-CP 
biodegradation 
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The FTIR study of the EPS (3) could also provide valuable information about the 
biodegradation product. I iu 2.7(H indicates the frequencies of vibration and their 
corresponding functional groups and this also confirms the presence of aromatic hydroxyl 
(-0H), C-H stretching, disubstituted aromatic deformation (C-H), C=C stretching of 
aromatic ring in the EPS. These functional groups occurred on the EPS due to the 
formation of products of biodegradation, which may be caetchol or chlorocatechol. The 
absorption peak at frequency of 3491.14 cm"' represents -OH stretching which signifies 
their intramolecularly bonded with another -OH group. Peak at 2931 cm"' corresponds to 
C-H stretching and the peaks at 1442.22 to 1633.82 cm' are possibly due to C=C 
stretching of benzenoid and quinoid structure of aromatic ring (Bandara ct al.. 2001). A 
strong peak around 1100 cm' shows C-0 absorption of-OH group of aromatic ring i.e. 
phenols or catechol (Bardacki. 2007). The peak at 686.74-763 cm'' refers to out of plane 
C-H bending in a disubstituted aromatic system (Pandit et aL 2001). These absorption 
frequencies show a negative shift from the actual value for or/Zio-disubstituted aromatic 
ring due to interaction with metal ions. However the peaks at 572.27 and 438.36 cm"' due 
to metal ions present in influent tap water. FTIR spectra of EPS, influent 2-CP and 
effluent show the biodegradation of 2-CP lead to its ring cleavage via catechol pathway as 
reflected from the GC/MS studies (^  iy 2.6 a and h). 
2.4.5 Biodegradation kinetics 
Biodegradation kinetics is the important parameter for prediction of fate and 
designs of the wastewater treatment plants (lomci et a!.. 2008) The sludge production 
and kinetics of aerobic granules under such a repeated cycle operational condition are 
important to the process design and optimization ((hen et al.. 2008). The biodegradation 
rate of 2-CP by aerobic granules is often described by Haldane's model for inhibitory 
substrate for the determination of various biodegradation parameters (Fig 2.8). 
V= ^°"^" ., (2) 
K, + £'+ — 
where V and Vmax are the specific and the maximum theoretical specific substrate 
degradation rates (mg 2-CP g"' MLVSS' d"'), respectively, and S, Ks and Kj are the 
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substrate concentration, half-saturation constant, and inhibition constant (mg L''), 
respectively. In this experiment we take 7 ditTerent concentration (20-140 mg L"') of 2-
CP in 250 mL Erlenmeyer flask containing 100 mL of granular sludge from SBR. 
Effluent concentrations were checked after every 30 min till the equilibrium. It was 
observed during the kinetic study that the specific degradation rate of 2-CP increases with 
initial concentration of 2-CP and peaked at 103.4 mg 2-CP g"' MLVSS' d' for 100 mg L" 
' of 2-CP and then decreases I ig 2.8). 
The calculated kinetic parameters are (Vmax) 840 mg of 2-CP gMLVSS"' d"', 
Ks=315.Gi8 mg L'', and Ki= 24.613 mg L"' with a correlation coefficient (R )^ of 0.9782. 
According to these values, the critical substrate concentration at which the maximum 
reaction rate is obtained is given by C'l-cr =JK^KI =88.06 mg L'.and P (-jKi/K^) 
the inhibitory parameter that accounts for accounts for the extent of the inhibitory effects 
is equal to 0.2795 (a smaller value of p gives a larger removal rate reduction at high-
substrate concentration) i I omei et al.. 2008) 
2.4.6 Genotoxicity by Plasmid nicking assay 
The genotoxicity by plasmid nicking assay experiment (Fig 2 9) was conducted on 
influent 2-CP as well as treated 2-CP sample also support our results for reduction in 
genotoxicity of 2-CP. 20 \xL of 2-CP (influent) resulted in the conversion of the super 
coiled pBR322 DNA to the relaxed form (lane B) while 20 nL of treated 2-CP (effluent) 
resulted maximum protection of plasmid from damage. The results show that aerobic 
granules were capable to reduce the genotoxicity of 2-CP. 
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Fig 2.8 Specific 2-CP degradation rate of aerobic granules at different concentrations 
(Haldane's Model) 
2-CP assay (A-Controlled, C-effluent, B-Influent) 
Fig 2.9 Genotoxicity of control, influent 2-CP and effluent samples by Plasmid nicking 
assay 
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2.5 CONCLUSION 
The biodegradation approaches used in this study provided useful descriptions of 
the aerobic granules, which were actively involved in the treatment of high load 2-CP 
containing wastewater. 2-CP degrading aerobic granules were cultivated in SBR. Aerobic 
granules were compact and strong in nature with SVI of 35 mL g"' and MLVSS of 2.56 g 
L". 2-CP degrading aerobic granules were sustained an organic load of 1200-3800 mg 
COD g' MLVSS"' d' efficiently. The COD removal efficiency was 94% at the end of the 
experiment. Specific cell growth was found to be 0.013 d' during the study. GC, GC/MS 
and FTIR investigation shows the biodegradation of 2-CP occurred via catechol pathway 
and or//?o-cleavage. Biodegradation kinetics followed Haldane model for inhibitory 
substrate with kinetic parameters Ks, K, and Vmax as 315.018 mg L"', 24.613 mg L"' and 
336 mg 2-CP g MLVSS"' d'. Abiotic losses of 2-CP due to evaporation and photo-
degradation by sunlight were less than 3% and the genotoxic test shows that the effluent 
is green (non-toxic). Hence, aerobic granulation in SBR can be used for bioremediation of 
high load 2~chlorophenol containing wastewater. 
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Aerobic granular treatment of 2,4-dichlorophenol in a Sequential 
Batch Reactor 
2,4-Dichlorophenol (2,4-DCP) is a chlorinated derivative of phenol with the 
molecular formula C6H4CI2O. It is containing two chloro atoms in addition to hydroxyl 
group. 2,4-DCP is used primarily as intermediate in the preparation of the herbicide 2,4-
dichlorophenoxyacetic acid (2,4-D). Annual worldwide production of 2.4-DCP was 88 
million pounds in 1993 (Dcsmurs and Ratton. 199;?) and the production rate after the year 
2000 was even higher. 
3.1 STRUCTURE, OCCURRENCE, HAZARDS AND USES OF 2,4-
DICHLOROPHENOL 
3.1.1 Structure 
2,4-Dichlorophenol (2,4-DCP) 
Appearencc - white to yellow crystals 
Molecular Formula - C6H4CI2O 
Molar Mass-163.00 gmol' 
Melting Point-41-44 °C 
Boiling Point-209-210 "C 
Specitlc gravitv- 1.382 g cm"^  (solid) 
SolubiliiN- Soluble in alkali, ethanol and 
ether 
3.1.2 Occurrence 
There are believed to be no significant natural sources as per the available 
literature. However, among anthropogenic sources, the majority of releases of 
chlorophenols to the environment are caused by spills and leachate from treated wood. 
They are also enters the environment as breakdown product of agricultural pesticides and 
processes such as water disinfection, pulp bleaching with chlorine, waste incineration or 
even through their use as biocides. 
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2,4-DCP is a degradation product of 2,4-dichlorophenoxy acetic acid used as 
pesticides since beginning. It is stable under normal handling and storage conditions. 
However, it can decompose at elevated temperatures. Hydrochloric acid and other toxic, 
irritating products can be produced if it is burned. 
3.1.3 Hazards 
2,4-DCP is readily absorbed through the skin and contact with large amounts may 
be fatal (Kint/ et a!.. l')^2). Causes eye, skin, mouth and gastrointestinal injuries. In some 
cases, its exposure results in nausea, vomiting, and diarrhea. Hypotension, myocardial 
failure, pulmonary edema, neurological changes, liver and renal toxicity, 
methemoglobinemia and hemolysis including carcinogenicity, reproductive and 
developmental toxicity were also reported. 
2,4-DCP is relatively rapidly absorbed from the digestive tract, skin and respiratory 
organs (I ARC. 200)) The half-lives of 2,4-DCP and its metabolites (not specified) in 
brain, liver, kidney and plasma was 4-30 minutes. Hazards through various types of 
exposures: 
I. Inhaiation: Causes burning sensation, cough, shortness of breath, sore throat. 
11. Skin and eye contact: Causes redness. Pain, blisters and severe deep bums. 
III. Ingestion causes abdominal pain, burning sensation, convulsions, labored 
breathing, shock or collapse, weakness and tremor. 
The substance is corrosive to the eyes, skin, and respiratory tract. Exposure to high 
level may result in death. Exposure to small amounts of the molten or liquid form of the 
substance may result in extensive skin absorption and rapid death. 
3.1.4 Uses 
2,4-DCP is used as an intermediate in making insecticides, herbicides, 
preservatives, antiseptics, disinfectants and other organic compounds. It is used as an 
intermediate for the production of 2,4-dichlorophenoxyacetic acid and other related 
herbicides, ingredient of antiseptics and starting material for higher chlorophenols. It is 
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also used in the production of Sesone, Nitrofen. Nemacide and antilielminthic drug, 
polyester films, mothproofing, miticide. 
3.2 INTRODUCTION 
Chlorinated phenolic compounds include useful and economically important 
chemicals being extensively used as herbicides, insecticides, fungicides, wood 
preservatives and resins (Vionsalvo et at., 200^). They are characterized by high toxicity 
even at relatively low concentrations and persistency in both surface and ground water 
(C arucci et al., 2010). thereby polluting our pristine sources of water. They have also 
been used as wood preservatives and herbicides for decades around the world causing 
severe groundwater contamination (Middaugh et al., 1W4: Latus et al.. \^^5). 
Additionally they are formed during waste incineration, biocides and pulp and paper 
production. Substitution in aromatic compounds makes them more resistant towards 
microbial degradation. Greater the degree of substitution, greater will be the resistance to 
degradation. Due to the presence of strong C-Cl bonds, chlorinated phenols are resistant 
to biodegradation and persistent in the environment, with their toxicity level and 
bioaccurnulation increases with the degree of chlorination (C arucci et al.. 200^ )^ 
2,4-DichIorophenol (DCP) is a commonly encountered toxic chlorophenolic 
compound present in many industrial effluents (Dilaver and Kargi. 200^ )^ and used mainly 
for the production of 2,4-dichlorophenoxy acetic acid and its derivatives that are used as 
germicides and soil sterilizants (Vroumsia et al.. 2005) it is also used in the manufacture 
of methylated chlorophenols that are used in antiseptic, disinfectants and mothproofing. 
Thus, their large use poses a serious health hazard, due to their suspected carcinogenicity 
and mutigenity (Ahlborg and Thunberg. 1980). Hence their removal from wastewater is 
necessary to conserve the quality of natural water bodies and to sustain a healthy 
environnnent. 
The application of biological processes to xenobiotics removal is a promising 
alternative to conventional chemical-physical (i.e. stripping and adsorption) treatment 
methods (lomei ei al.. 2008) as it lead to complete mineralization of substrate by 
microorganisms in aerobic and anaerobic environment (/hang and Weigel. 19^0). 
Additionally, biological treatment is superior to physicochemical methods because the 
latter have high treatment costs and possibilities of causing a secondary pollution (C han 
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ct al.. 2010). Many Gram-negative {Pseudomonas, Flavobacterium and Alcaligens spp. 
etc) and Gram-positive (Rhodococcus and Bacillus spp. etc) bacteria are used for 
bioremediation of aromatic compounds (Larkin et al.. 2006) especially phenols and 
chlorophenols. 
Among the available bioremediation techniques, aerobic granulation (a ceil 
immobilization technology) has attracted recent research attention (lav et al.. 2001a. 
2002). Unlike biofilm, aerobic granules are self-immobilized aggregates of microbial 
origin cultivated in sequencing batch reactor (SBRs) without any inert support due to 
some predetermined factors like high aeration rate and low settling time (de Kreuk et al.. 
200^), However, some other factors such as pH, temperature and aeration rate also 
influence aerobic granulation and biodegradation. 
A slight alkaline pH (--7.5) is also necessary for proper aerobic granulation and 
granulation cease to occur at pH> 8.5 as reported by (Hailei et al.. 2006). Temperature 
change also affects the reactor performance upto a certain degree and 30°C is the 
optimum temperature for matured granule cultivation (Song et al. 2009). However, Hailei 
et al. (2006) reported the influence of temperature on biogranulation is not very 
significant in the range 29-38°C but too high (41°C) or too low temperature (26°C) can 
lead to poor granulation. Superficial air velocity (hydrodynamic shear force) is also an 
important factor controlling the shape of aerobic granules. High shear force favors the 
formation of compact aerobic granules and improves granule stability which intum 
increases the resistance towards toxicity exerted by substrates. It was found that aerobic 
granules could be formed at a threshold shear force value between 1.2-2.8 cm s' in a 
column type SBR(Tav et al.. 2001b: Hailei etal.. 2006; 1 iu and Ta>, 2002, 2004), 
A large amount of work has been carried out on chlorophenol degradation by 
different microorganisms (Wang et al.. 2000; Wang and l.oh. 2001; Kargi and Kker. 
2005). Most of the studies involved 2,4-DCP as a cometabolite in presence of any growth 
substrate such as glucose (Wang et al.. 2007) or acetate. However, studies concerning 
degradation of these compounds in absence of any growth substrate are still limited. 
Furthenriore, very few authors have studied the degradation profile of chlorophenols. 
Sahinkaja and Dilek (2007) studied the removal rate of 4-CP and reported the specific 
degradation rate to be 3.34 mg 4-CP gVSS' h ' (80 mg 4-CP gVSS"' d'). Wang et al. 
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(2()0U) studied the degradation profile of 2,4-dichlorophenol at different concentrations 
(50, 100 and 200 mgL"') usins Bacillus insolitus. 
Hence, the main objective of this work is to degrade 2,4-dichlorophenol at higher 
organic load of 0.362,4-DCP Kg m"^  d"' without using any growth substrate and to study its 
degradation profile, kinetics, pathway and toxicity in a sequencing batch reactor. Total 
duration of the study was 90 days (20 days acclimation and 70 days SBR operation). 
3.3 MATERIALS AND METHODS 
3.3.1 Reactor set-up and operation 
A lab scale SBR made up of perplex glass with an effective volume of 1.40 L 
(total volume was 1.50 L) was used (Fig 3.1). SBR is a simple cylindrical reactor having 
150.0 cm height and 5.0 cm diameter (high height/diameter ratio). A fine bubble aerator 
was fixed at the bottom of the column for aeration at a superficial gas velocity of 2.76 cm 
s"' throughout the study (1 able-3,1). Reactor was operated sequenfially in 4 h cycles with 
50% volumetric exchange ratio giving a HRT of 8 h which was kept constant throughout 
the study (6 cycles of 4 h each were performed daily). Each cycle was divided into 
following steps- influent addifion (5 min), aeration (195-223 min), settling (30-2 min), 
effluent withdrawal (5 min) and idle (5 min). Initially the reactor was operated at high 
settling time of 30 min to avoid excess sludge losses. Settling time was then gradually 
reduced to 10 min and finally to 2 min. 
There were two sampling ports arranged along the height of the column type 
reactor, one at 70 cm and other at 40 cm from the bottom of the reactor. The effluent was 
withdrawn and collected from the 70 cm port (to maintain 50% volumetric exchange 
ratio) and the port at 40 cm was used for collecting samples for MLSS and periodical 
sludge wasting. 
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Fig 3.1 Schematic diagram of lab scale Sequencing Batch Reactor 
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For abiotic losses, a control reactor having same dimensions but without aerobic 
sludge was used. It was found that the abiotic losses of 2,4-DCP was negligible under 
identical operating conditions (<5 %). Around 15% of sludge was wasted from 40 cm 
port every 3'^ '' day which gives a constant SRT of 20 days. Various operating parameters 
during the study are given in Table-3.1 
3.3.2 Seed sludge and wastewater 
The aerobic sludge with a mixed liquor suspended solid (MLSS) concentration of 
2.5 g L"' (MLVSS was l.IO g L"') was obtained from secondary clarifier of Star Paper 
Mill, Saharanpur, India. Initially it was conditioned in an activated sludge reactor over a 
period of 15 days. During acclimation period, the aeration tank was fed in batches with a 
synthetic v/astewater containing 2,4-DCP (as a sole carbon source) stepwise increased 
from 5 to 10 mg L"' along with macro and micronutrients. Later on the acclimated sludge 
was inoculated into SBR and used as starting culture for cultivating aerobic granules. 
A mother solution of 2,4-DCP was prepared by dissolving 1.0 g 2,4-DCP in 1.0 L 
of NaOH (0.1 N). 2,4-DCP was taken from MERCK (Germany) with a stated purity of 
99.8 %. The desired concentrations of 2,4-DCP were obtained by proportionate dilution 
using double distilled water. 
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Table-3.1 Various operating parameters of the SBR during biodegradation of 2,4-DCP 
Parameters 
HRT 
Cycle time 
Volumetric exchange 
SRT 
Aeration rate 
ratio 
Biomass concentration (MLVSS) 
Influent 2-CP 
Organic load 
Temperature 
DO 
PH 
Working volume 
Residual volume 
Value 
8 
4 
50 
20 
2.76 
2.2±0.2 
10-70 
1200-8200 
30±5 
4-5 
7-8 
1.4 
0.7 
Unit 
hr 
hr 
% 
days 
cm s"' 
gL-' 
mgL' 
mg COD g ' VSS"' d"' 
"C 
mgL' 
-
L 
L 
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3.3.3 Media 
Reactor was fed with synthetic wastewater containing 2,4-DCP in mineral salt 
medium with following composition: 0.20 g L'' NH4CI; 13 g L"' MgSO4.7H20, 1.65 g L"' 
K2HPO4 and 1.35 g L"' KH2PO4(Jiang et al.. 2002). For optimal microbial growth, media 
was supplemented with 1 ml L'' of micronutrients solution as described previously by 
(Mov el al.. 2002); 
Micro nutrient: H3BO3 (0.05), FeCl2-4H20 (0.05), ZnCb (0.05), MnCl2-4H20 (0.05), 
CuCl2-2H20 (0.03), NH4Se03-5H20 (0.05), AICI3-6H20 (0.05), NiCl-6H20 (0.05), 
NaSeO3-5H2O(0.1). 
All the experiments were performed at constant temperature (30±2°C) and the pH 
of the system was adjusted around 7.5-7.7 (I able-3.1) through out the study by adding 
NaHC03. As mentioned earlier, the superficial air velocity was also remained constant 
throughout the experiment at the rate of 2.76 cm s'. 
3.3.4 Analji^ ical Methods 
Measurement of pH, MLSS, MLVSS, and COD were conducted in accordance 
with the Standard Methods (APH.A. 2002). 4-aminoantipyrene colorimetric method 
developed for determination of phenol and derivatives in the form of phenol index was 
used for 2,4-DCP analysis as specified by Greenberg et al. (1992). Growth of the culture 
was monitored, by measuring optical density at 600 nm, with a GENESYS, 
Thermospectronic UV-Vis spectrophotometer as specified by Ziagova and Liakopoulou-
Kyriakides (2007). The specific growth rates were estimated from the slope of the 
exponential growth phase of the growth curve (optical density) as given by Ziagova and 
Liakopoulou-Kyriakides (2007). Samples for concentration determination were prepared 
by collecting the effluent after proper settling and filtering using 0.45 |j,m millipore filter. 
For optical density, effluent samples were directly taken without filtration at the time of 
aeration at superficial velocity of 2.76 cm s"'. However, one can also dilute samples for 
optical density and then multiply the result by dilution factor. All the experiments were 
performed in triplicate and average values were reported. 
Percent COD removal and 2,4-DCP removal efficiency was determined using the 
following relations: 
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[(Influent COD - Effluent COD)] * 100 
% COD removal = (1) 
[Influent COD] 
[(Influent 2,4-DCP - Effluent 2,4-DCP)] * 100 
% 2,4-DCP removal = (2) 
[Influent 2,4-DCP] 
Morphology and surface structure of granules were studied qualitatively using 
SEM (scanning electron microscopy) 'STEREO SCAN 360'. SEM image of granule was 
taken in accordance with the method given by Ivanov ct al. (2006). 
FTIR of the influent, effluent and EPS (for both the reactors) were taken using 
Interspec 2020 Spectrolab Spectrometer (UK). GC and GC-MS were done using Buck 
Scientific 910 Model Gas Chromatogram and PERKIN ELMER CLARUS 500 Gas 
chromatograph-Mass spectrometer, respectively. The samples for GC and GC/MS were 
prepared in accordance with the method described by Louie et al. (2002). The effluent 
samples were acidified to pH 4 (10 mL of concentrated HCl per mL of reaction mixture), 
and organic compounds were extracted into ethyl acetate (1:1 vol/vol; total volume, 2 
mL). The solution was heated at 45°C for 20 min and then analyzed directly by GC and 
GC-MS at a flow rate of 0.8 mL min"' of helium. The oven parameters were 50°C for 3.5 
min, with a 30°C min"' increase to final temperature of 300°C for 3 min. The injector and 
detector were at 250 and 300°C, respectively. The sample for MS was analyzed with a 
scan interval of 0.34 second and an m/z range of 20 to 200. 
The ability of granules to degrade 2,4-DCP was evaluated by studying the batch 
kinetics of biodegradation in 250 mL serum vials containing different concentrations of 
2,4-DCP (10-80 mg L"') in mineral salt medium. 100 mL of granular sludge was added to 
each serum vials and the content was kept on rotatory shaker for 4 h and studied 
periodically (after every 30 min). A kinetic study of the data was performed using the 
Haldane model for inhibitory substrate (Yi et al., 2006). Haldane model for inhibitory 
substrate was given by 
Chapter-3 96 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
>"= 7^ (3) 
K, 
J 
V: 
+ 
mac: :£,' 
c'2 
+ 
^ i 
where V and Vmax are the specific and the maximum theoretical specific 2,4-DCP 
degradation rates (mg 2,4-DCP g"' VSS"' d"'), respectively, and S, Ks and Ki are the 
substrate concentration, half-saturation constant, and inhibition constant (mg L"'), 
respectively. These kinetic parameters gives the value of critical substrate concentration 
{C) at which the maximum substrate removal rate was observed (given 
by C*2 ^ _i^.,, = JK^K, ) and ^ = ^K, I Ks is a parameter that accounts for accounts for the 
extent of the inhibitory effects (a smaller value of y9 gives a larger removal rate reduction 
at high-substrate concentration) ( fomei et al.. 2008). 
Genotoxic studies of the final effluent samples were done using E.coli K-12 strain 
in accordance with the method (assay) described by Rahman et al. (1990). Briefly, 0.5 \ig 
of covalently closed and coiled pBR322 DNA (0.5 ng) was treated with the control, 
untreated 2,4-DCP influent as well as treated water sample (effluent) in a total volume of 
30 nL for 1 h. After the treatment, 8 ^L of 5x tracking dye [40 mM EDTA, 0.05 % 
bromophenol blue and 50 % (v/v) glycerol] was added and loaded on 1 % agarose gel. 
The gel was run at 50 mA for 2 h and stained with ethidium bromide (0.5 |.ig L'') for 30 
min at room temperature. The gel was then visualized on fotodyne UV transilluminator 
(USA) and photographed after suitable washing. 
3.4 RESULTS AND DISCUSSION 
3.4.1 Biornass concentration 
Mg 3.2 shows biomass concentration in terms of MLSS (g L''), MLVSS (g L"') 
and O.D.sflo- Initial sludge with MLSS value of 2.5 g L"'(fi"om Star Paper Mills) was 
acclimated for a period of 20 days and fed with 2,4-DCP (5-10 mg L"') as a sole source 
carbon and energy in mineral salt medium to allow biomass to adapt specifically to 2,4-
DCP. During acclimatization stage, MLSS was increased and got stabilized at 3.7 g L' 
'(MLVSS stabilized at 1.6 g L ' ) and O.D.eoo reached to 0.75. Thereafter, the conditioned 
sludge was inoculated into SBR and used as seed sludge for cultivating aerobic granules. 
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MLSS showed an initial rise. Aerobic granules were observed as small particles dispersed 
with amori^ hous floes on day 20. However, after day 22 of inoculation, the MLSS 
concentration decreases from 4.56 to 3.4 g L'' due to reduction in settling time from 30 to 
10 min. The biomass with smaller settling velocities were washed out of the reactor 
gradually; thereby smaller granules grew rapidly in subsequent weeks, while more floe 
like sludge had been washed out of the SBR. 
Once again the biomass concentration falls to 3.9 g L"' due to further reduction in 
settling time from 10 to 2 min (day 42). This indicates that the selective pressure leads to 
wash out of poor settling floes and meanwhile favours granules (having high settling 
velocity due to aggregation of biomass) to become dominant part of biomass as shown by 
gradual rise in MLSS beyond day 45. This shows that settling time is an important 
selection fiactor for aerobic granulation. The rapid transition from acclimated activated 
sludge to aerobic granules shows that the chosen operating strategy was effective. MLSS 
concentration finally stabilized at 5.8±0.2 g L''. MLVSS also showed a similar behaviour 
to stabilize at 2.2±0.2 g L''. h ig 3.2). 
Cell growth in SBR, was monitored in terms of O.D.600, increases gradually and 
finally stabilized at 1.84. Fig 3.2 shows that O.D.^ rwof the SBR system increases during 
the process and the trend was similar to MLSS (biomass concentration). On day 22, the 
SBR O.Z).600 shows a sharp decrease due to the washout of poor settling floes as a result 
of reduction in settling time from 30 to 10 min. Then on day 42, settling time was again 
reduced from existing 10 min to 2 min. This again leads to a sharp decline in O.D.oon of 
SBR system. This illustrates that O.D.gooof SBR system is directly proportional to MLSS 
(or MLVSS) concentration. When mature granules were formed, O.D.sno of the SBR 
system was stabilized at 1.84. 
The specific growth rate estimated from the slope of exponential growth phase 
(hig 3.2) of the cell growth curve (as described bs /iagova and l.iakopoulou-K>riakides. 
2007) was found to be 0.042 ± 0.02 d"'. 
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2,4-DCP biodegradation in SBR 
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3.4.2 Surface morphology of 2,4-DCP fed aerobic granules 
Stable granules were obtained on day 45. Granules were compact, strong and 
spherical. The formation of aerobic granules consist of five stages: Microbes 
multiplication phase, floe appearance phase, floe cohesion phase, mature floe phase and 
aerobic granule phase (Hailei ct al.. 2006). Infact, Beun et al. (2000) showed that 
microbes v/ould prefer a dispersed rather than aggregated state. Hence, there must be an 
initiating force which can bring microorganisms together and further make them 
aggregate. Liu et al. (2003) reported that this driving force may be the cell hydrophobicity 
and claimed that when bacteria become more hydrophobic, an increased ceil-to-cell 
adhesion is observed resulting in aggregation. The degradation efficiency and resistance 
to chemical toxicity of granules depends mainly on their compact structure (Jiang et al.. 
2002; Bergsma-vlami et al.. 2005: Khan et al.. 20(W: las et al.. 2005). 
The diameter of the formed 2,4-DCP degrading aerobic granules was in the range 
of 0.5-1.0 mm and cross-section of granules shows close packed structure with evenly 
distributed channels for the movement of wastewater inside the granules dig 3.3a). It has 
also been reported earlier that aerobically grown microbial granules have a diverse 
microbial community, a complex spatial structure, coordinated physiological functions, 
and specific temporal changes .l\ano\ et al. 2006: fa> et al.. 2003). Granules may 
contain protozoa on their surface (hanov et al.. 2006). A close observation of the granule 
surface (in Mg 3.3hi reveals the presence of large diversity of microbes including 
bacterial rods, cocci and diatoms dispersed in extracellular polymeric substance (EPS). 
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(a) 
(b) 
Fig 3.3 SEM image of 2,4-DCP fed aerobic granule at (a) 4000x and (b) ISOOOx 
magnifications 
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3.4.3 Settling properties of aerobic sludge 
The settling property of the sludge was measured in terms of SVl (sludge volume 
index). SVl is the volume occupied by 1 g of biomass (MLSS content). For, loose 
microbial Hoc, SVl values were quite high. However, for granular biomass, SVl values 
were low due to their compact nature which improves their settling properties, rable-3.2 
illustrates the gradual decreasing trend of SVl which confirmed the transformation of 
loose floes into strong and thick granules during the course of study. 
3.4.4 2,4-DCP removal 
Initially 2,4-DCP effluent concentrations were quite high (around 4.5 mg L"') 
even when the influent 2,4-DCP concentrations were 10 mg L"' only. This is because the 
system was not stable and hence, a removal efficiency of only 60 % was attained. But in 
subsequent weeks, when granules become stable, good degradation results were achieved. 
Effluent 2,4-DCP concentration and removal efficiency reached 2.5 mg L"' and 95 % 
respectively at the end of the operation (Fig .^ .4). The reason behind such behaviour is 
that, in the beginning, granules were immature and weak to sustain the ill effects of 2,4-
DCP. Hence, the results were not acceptable even with 10 mg L"' of 2,4-DCP, but as soon 
as the granules becomes compact and strong due to the selective pressure, they develop 
high resistance towards 2,4-DCP and give good removal efficiencies even when the 
concentration of 2,4-DCP was stepwise increased to 60 mg L'' (60 mg L"' 4h"' cycle is 
equivalent to 360 mg L"' d"'). However, with further increase in 2,4-DCP (70 mg L"') 
granules were rapidly inhibited leading to fall in removal efilciency (f ig 3.4). 
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TabIe-3.2 Variation of SVl (sludge volume index) during the study 
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Present study demonstrates the degradation of 60 mg L"' 4hr'' (i.e. 360 mg L''d"') 
of 2,4-DCP, which is more than the amount treated efficiently by Wang et al. (2007). 
Moreover, it can also be observed from the plot in Kig 3.3 that, removal efficiency 
increases with increase in TCP concentration till 60 mg L'' (in SBR operating at 8 h HRT 
with 50 % volumetric exchange ratio) and then decreases due to substrate inhibition at 
further high concentrations (~70 mg L"') similar to the observation of Kargi and Eker 
!20()N. 
3.4.5 COD removal in SBR 
COD removal also shows a similar trend as shown by 2,4-DCP. Initially, influent 
COD values were not very high, still the removal efficiency was quite low (-60%) 
because of the instability of the system towards 2,4-EXI!P. But as soon as the system gets 
stable, effluent COD was decreased to 95 mg L'' with corresponding rise in removal 
efficiency to 96% at the end of the operation (Fig 3.5). Strong and mature granules can 
sustain the ill effects of fluctuations in organic load (500 mg L"') as well as higher organic 
load (3000 mg L"') which otherwise causes the breakdown of conventional activated 
sludge process. Hence, aerobic granules cultivated in SBR have proven to be better and 
more resistant to toxic xenobiotics than traditional process. However, when 2,4-DCP 
reaches 70 mg L ' , COD removal efficiency showed a negative slope due to substrate 
inhibition as mentioned earlier (section 3.4). 
3.4.6 2,4-DCP removal in a single cycle (2,4-DCP degradation profde) 
I ii; 3.6 illustrates the degradation profile of 2,4-DCP in a single cycle. Five 
different concentrations were given to the SBR (20, 30, 40, 50 and 60 mg L"'). 
Degradation profile shows that, initially the degradation was very fast but it decreases 
with the passage of time. This may be due to the fact that in the beginning of the cycle, 
microbes has large amount of 2,4-DCP available as their food stock, so they react 
vigorously. Later on, as the concentration of 2,4-DCP decreases, the degradation becomes 
slow. This shows that degradation rate is directly proportional to substrate (carbon 
source) concentration. 
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However, it was also observed that removal rate increases with increase in 
substrate concentration till 60 mg L'' and then decreases with further rise in 2,4-DCP 
concentration due to inhibition of microbial growth by substrate concentration itself as 
claimed by Kargi and 1 ker (2005). 
4.4.7 COE> removal during single cycle (COD removal profile) 
The perusal of COD removal profile reflects that the COD removal rate was also 
high in the beginning of the cycle (Fig 3.7). The removal rate decreases with the passage 
of time. It was also observed that just after addition of influent, there was a sharp decrease 
in COD which is attributed to dilution. But this value of COD further decreases to below 
100 mg L ' . Moreover, COD is the measure of organic carbon removed from the system 
whose major source is 2,4-DCP. That is why, data in Fig. 6 and 7 are showing similar 
trend and these similar decreasing behaviour shown by COD and 2,4-DCP confirmed the 
complete mineralization of 2,4-DCP. 
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3.4.8 Spectral studies of the reaction products 
3.4.8.1 FTIR study of pure 2,4-DCP, influent (2,4-DCP in basal medium), effluent and 
EPS 
Various prominent peaks are shown in FTIR spectra (h ig 3.8). The figure include 
FTIR spectrum of pure 2,4-DCP, influent (2,4-DCP in mineral salt medium), effluent and 
EPS. 
Spectrum for pure 2,4-DCP shows several peaks corresponding to dichlorophenol. 
Peaks showing C-H and 0-H stretching at 2940 and 3400 cm"' are clearly visible 
(S ivcTsiein ct a!.. IW i Peaks for benzenoid and quinoid moieties are observed at 1500 
and 1400 cm'. Absorption occurring at 1150 and 1250 cm"' results from C-H plane 
bending vibrations (Bandara ct al.. ?{H)]}. A strong peak at 1100 cm"' shows C-CI 
stretching (Shchukin ci al.. 2(101 \ 
Spectrum of influent containing 2,4-DCP in mineral salt medium in tap water | F ig 
3,8 {2)\ shows few peaks owing to aromatic ring (1500 and 1300 cm"') and 0-H group 
(3400 cm"') (l-Jandara cl al.. 2001: Silvcrstein et al.. 1991). A hump towards the lower 
side reflects the presence of metal ions (which are present in basal medium and tap 
water). However, no visible peak (corresponding to C=C of aromatic ring) in the region 
1300-1500 cm"' in FTIR of the effluent (shown as 3 in Fig 3.8' shows ring cleavage by 
aerobic bacteria which is an integral part and rate limiting step during biodegradation. 
Spectrum (4) of Hi; 3.8 shows the presence of various functional groups in the 
EPS secreted by bacteria during biodegradation in SBR. It was reflected from the 
spectrum that peak at 3400 and 1400 cm"' corresponds to intramolecularly bonded 0-H 
stretching and C=C stretching of aromatic ring. Peaks at 700-800 cm' represents C-H 
bending in a disubstituted aromatic system while at 1100 cm"' shows C-0 absorption of 
aromatic alcohol (may be catechol) (Bardack; 2()()'^ ) A small hump at the extreme right 
side shows metal ions. 
FTIR investigations arises a possibility that catechol is the final biodegradation 
product or a metabolite which then transformed into some other compound. To further 
strengthen our observation, GC/MS studies were carried out on the effluent samples. 
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3.4.8.2 Gas Chromatographic and Gas Chromatographic-Mass Spectrometric studies 
of effluent sample 
The results of GC/MS investigations are shown in Hg 3.^ with GC spectra in 
inset. The metabolites or products formed during biodegradation depend upon the type of 
microbial attack and ring cleavage (Sanchez and don/alez. 2007). The cleavage of ring 
may be meta- (as in case of phenols) or ortho- (usually a case with most of the 
chlorophenols) (Parrel! and (^ iiilt>, 1^ ^^ ). Sometimes, meto-cleavage of chlorophenols 
occurs, but is very rare, since, meto-cleavage leads to dead-end or suicide metabolites 
; Schmidt e' al.. 1983). GC/MS results (h ig 3.9) showed the formation of 4-chlorocatechol 
m / (VI • 1) 14f> (after the removal of one CI atom at or//?o-position) which then undergo 
an ortto-cleavage to give 3-chloro-hex-2,4-diene-l,6-dioic acid (m/ VI • I 178). The 
formed metabolites were non-toxic as confirmed by genotoxic studies (discussed in the 
later parts of this chapter). 
GC spectra [V'l^ 3 ^  inseti show four peaks including a peak with largest area 
corresponding to ethyl acetate (solvent) at 10.2 mins. The remaining three peaks were 
observed at 5.1, 6.5 and 12 mins. 
Hence, it can be concluded from FTIR, GC/MS and GC studies that 
biodegradation of 2,4-DCP occurred via 4-chlorocatechol and 3-chloro-hex-2,4-diene-
1,6-dioic acid through o/-f/2o-cleavage. The proposed pathway has been shown in equation 
(2) along v/ith molecular weights of each moiety: 
OH OH 
2,4-DichloniphenoI 
(M=163) 
CI 
4-Clilarocatechal 
(M=145) 
W) 
3-Cliloro-hei-2,4-diene-l,6-dioit acid 
(M=177) 
Proposed pathway of 2,4-dihlorophenol by aerobic granules in SBR 
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3.4.9 Batch biodegradation kinetics 
Biodegradation kinetics is very important as far as the fate of toxic compounds 
and designs of the wastewater plants are concerned. The reaction rates of biodegradation 
by granules under such a repeated operationail condition are important for the process 
design and optimization (Chen et al., 2008). The biodegradation rate of 2,4-DCP by 
aerobic granules is often described by Haldane's model (given in equation-1) for 
inhibitory substrate and used for the determination of biodegradation parameters (Fig 
3.10). 
In this experiment, 8 different concentration (10-80 mg L"') of 2,4-DCP were 
taken in 250 ml Erlenmeyer flask having 100 mL of granular sludge and the effluent 
concentrations were checked after every 30 min till the equilibrium. It was observed from 
batch kinetic study that the specific degradation rate of 2,4-DCP increases with initial 
concentration of 2,4-DCP and peaked at 176.736 mg2,4-DCP gVSS"' d' for 60 mg L"' of 
2,4-DCP and then decreases (Fig 3.10). Dilaver and Kargi (2009) studied the batch 
kinetics of biodegradation of 2,4-DCP and reported its specific degradation rate at 169.92 
mg2,4-DCP gVSS"' d"' (7.08 mg2,4-DCP gVSS"' h"'). However, Wang et al. (2007) 
reported 237.6 mg2,4-DCP gVSS'' d"' (9.9 mg2,4-DCP gVSS"' h ' in 1 L SBR). These 
differences arise due to different operating conditions (reactor size, pH and temperature 
etc.). 
The kinetic parameters calculated from non-linear regression model (line fittings) 
are: Vma.x=480 mg of 2,4-DCP gMLVSS"' d'', Ks=82.14 mg L"', and K,=90.43 mg L"', 
with a correlation coefficient (R )^ of 0.9782. From kinetic parameters, the critical 
substrate concentration at which the maximum substrate removal rate occur is found to be 
C'lA-Dci' = -JK^, =86.185 mg L'' and P (= ^/KJE), the inhibitory parameter is 1.0492. 
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3.4.10 Genotoxic studies of influent 2,4-DCP and effluent samples 
The genotoxicity by plasmid nicking assay experiment (Fig 3.11) was conducted 
on control, influent 2,4-DCP as well as treated 2,4-DCP samples. The results showed 
reduction in genotoxicity of 2,4-DCP by the present technique. 20 \iL of 2,4-DCP 
(influent) sample resulted in the conversion of the super coiled pBR322 DNA to the 
relaxed form (lane C). However, control (blank) as well as 20 i^L of treated 2,4-DCP 
sample (effluent) resulted in maximum protection of DNA plasmid from damage (lane A 
and B). The results show that present technique is capable of reducing the toxicity of 2,4-
DCP and the products of biodegradation are non-toxic. 
3.5 CONCLUSION 
2,4-Dichlorophenol fed aerobic granules were cultivated in a sequencing batch 
reactor. Stable and compact granules were obtained in 70 days operation of SBR. Formed 
granules were compact and strong with closed packed channels. After granulation, 
effluent COD and 2,4-DCP concentrations were 95 mg L"' and 2.5 mg L"' with 
corresponding removal efficiencies of 96 % and 95 % were achieved. Degradation profile 
shows a high initial degradation rate which decreases later. Degradation rate was directly 
proportional to the substrate concentration. Specific degradation rate of 2,4-DCP was 
176.736 mg2,4-DCP gVSS"' d' at 60 mg L"' and specific cell growth rate was 0.042 ± 
0.02 d"'. High optical density (O.D.ooo) of SBR shows effective retention of biomass 
which is the main advantage of present technique. Spectral techniques showed that the 
biodegradation occurred via 4-chlorocatechol pathway (orr/zo-cleavage) and genotoxic 
study by plasmid nicking assay confirmed that the final products were non-toxic. 2,4-
DCP biodegradation followed Haldane model for inhibitory substrate with a correlation 
coefficient (R )^ of 0.9782 and kinetic parameters: V™ax= 480 mg2.4-DCP gVSS"' d', 
Ks=82.14 mg L"', Ki=90.43 mg L"', CVDCP= 86.185 mg L"' and p =1.0492. 
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Degradation pathway, toxicity and kinetics of 2,4,6-trichlorophenol 
with different co-substrate by aerobic granules in SBR 
2,4,6-Trichlorophenol (TCP), also known as phcnaclor. Dowicide 2S, is a 
chlorinated phenol that has been used as a fungicide, herbicide, insecticide, antiseptic 
(Ogunnivi et al. 2000) defoliant, and glue preservative (MSI)S. 2005). It is a yellow solid 
with a strong, sweet odour. It decomposes on heating to produce toxic and corrosive 
fiimes including hydrogen chloride and chlorine. 
4.1 STRUCTURE, OCCURRENCE, HAZARDS AND USES OF 2, 4, 6-
TRICHLOROPHENOL 
4.1.1 Structure 
2,4,6-Trichlorophenol (TCP) 
Appearance- White to pinkish yellow 
fluffy solid 
Molecular formula - C6H3CI3O 
Molar mass • 197.45 g mof' 
Dcnsitx - 1.675 gcm"^  
Melting point - 69 °C 
Boiling point - 246 °C (at 28 torr) 
Si'lubilitv- Soluble in alkali, acetone, benzene, 
slightly soluble in water 
4.1.2 Occurrence 
TCP can form when industrial wastewater containing phenol or certain aromatic 
acids is treated with hypochlorite or during the disinfection of drinking water sources. 
Investigators have detected trichlorophenols (unspecified isomers) in river water samples, 
landfill leachate samples, chemical plant effluent water samples, sewage treatment plant 
effluent samples, tap water samples, and in ambient air (A 1 SDR. 1999; HSDB. 2001). It 
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is an environmental pollutant that has been found in fresh water lakes such as the Great 
Lakes (I lalappa-( iowdal. I ^85) 
4.1.3 Hazards 
it is carcinogenic in animals, causing lymphomas, leukemia, and liver cancer via 
oral exposure (( PDP. 2007 It is classified as Group B2 (probable human carcinogen) by 
the United States Environmental Protection Agency (I SI PA. 2000). 
The primaiy routes of potential occupational exposure to TCP are inhalation and 
dermal contact. The general population may be exposed to TCP through ingestion of 
contaminated food or water and inhalation of contaminated air (lARC. i9<>9: HSDB. 
2001) Worker exposure was primarily in hospitals and in the leather tanning and 
finishing industry NIOSH. I9M2). as well as in the pulp and wood industry (HSDB. 
2001). 
4.1.4 Uses 
TCP has been used primarily in various pesticide formulations and as a wood 
preservative. These have included fungicides, glue preservatives, insecticides, 
bactericides, and as an anti-mildew agent for textiles (lARC. 1*^ ^^ ). Most uses of 2,4,6-
TCP have been cancelled in the United States; however, it continues to be used in the 
synthesis of some fungicides (HSDB. 2001 
4.2 INTRODUCTION 
2,4,6-Trichlorophenol is a potential water pollutant widely used in the preparation 
of biocides, flame retardants ( \tuan\a et al.. 2000). chemical reagents (Aranda et a. . 
2003) and preservatives and causes severe toxicity to humans and aquatic life. It 
is carcinogenic in animals, its ingestion causes lymphomas, leukemia, and liver cancer in 
human beings and animals (I SI PA. 2000). TCP inhibited the activity of mixed microbial 
culture and pure Pseudokirchneriella subcapitata isolate by 50 % at concentrations of 40 
mg r' and 0.8 mg P' respectively (f ker and Kargi. li)W: (hen et al. 2006). TCP is a 
common constituent of wood preservative formulations (Martinez et al.. 2000) and is 
often found as a contaminant in soil as well as in water, resulting in severe contamination 
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of groundwater resources, which is considered to be the pristine sources of water (1 ouie 
et al. 2002). Since, TCP has a low Henry's law constant and as such undergoes minimal 
air stripping in forced aeration systems (Snvder et al.. 2006). 
Several techniques have been proposed for efficient wastewater treatment, most of 
them presenting certain limitations such as poor capacity, generate waste products, 
incomplete mineralization or high operating cost (Mtmdal et al.. 2010) Nowadays aerobic 
granulation treatments are considered as the most effective route. Aerobic granulation is a 
process of microbial cell self-immobilization, resulting in a cell-structured shape 
characterized by dense biomass. 
In most of the bioremediation techniques, Pseudomonas sp., Rhodoccocus sp. and 
Agrohacterium sp. have been used and constitute the main carrier of biodegradation 
studies due to their nutrient and metabolic diversity (\Vang et al.. 2000: Cioswami et a! 
2005) Aerobic bacteria degrade xenobiotic pollutants (such as TCP) and, in several 
cases, grow on it as the sole carbon source ({ lement et al.. IW5: Briglia et al.. 1996) 
However, several findings suggested that the addition of some conventional carbon 
sources (glucose, fructose or acetate etc.) might aid in reducing the toxicity and growth 
inhibition of xenobiotics on cells, thereby increasing the transformation rates of 
xenobiotics (Kakhruddin and (Juilt>. 2005). The presence of easily degradable carbon 
sources stimulates the growth of microbial population which then enhances the 
biodegradation of target contaminants like TCP. These additional carbon sources may 
also acts as an inducing agent (Chaudhuri et al.. 1995). or provide reducing power for 
degradation of recalcitrant organic compounds (Perkins et al.. 1994). The same strategy 
was used by many researchers in order to prevent unfavourable impacts on cells 
metabolism. 
Ring cleavage is the main rate limiting step during biodegradation of aromatics. 
Cleavage of the aromatic ring may preferentially occur using either the ortho- or the 
meta- pathway. Naturally occurring aromatics (phenols) and methylated phenols cleaved 
by weto-pathway while chlorinated aromatics are generally broken down by the ortho-
pathway (Karrell and Quilt\. I99M), Two catabolic processes appeared to have evolved for 
chlorophenol degradation, which involves dehalogenation after ring cleavage and 
dehalogenation before ring cleavage (Sn>der ct al.. 2006). 
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Most of the available literature deals with biodegradation of chlorophenols using 
isolated pure culture even though mixed microbial cultures are chiefly used for large scale 
wastewater systems. However, a very few studies are concerned with mixed culture (I kcr 
and Kargi. 2004: Sn>der et al.. 2006: Farrell and Quilt>. i9W). The mixed culture used in 
this study was a commercially produced wastewater bioaugmentation product, specially 
formulated to degrade a wide range of substituted aromatic compounds. It was fed with 
glucose-TCP (Rl) and acetate-TCP (R2). 
Therefore the present work focused on comparative study of TCP degradation in 
presence of glucose and acetate as co-substrate by mixed culture and characterization of 
the TCP biodegradation products. It also includes the determination of various parameters 
such as COD, MLVSS, SVI, OD, granules and EPS characterization, kinetics and 
genotoxicity etc. during TCP biodegradation in SBR. 
4.3 MATERIALS AND METHODS 
4.3.1 Chemicals 
2,4,6-Tricholorophenol, a xenobiotic compound was a G.R. Product of Fisher 
Scientific, India and was used as received. TCP has a chemical formula of C6H2(OH)Cl3, 
with molecular weight of 197.48 g mol'. All chemicals were used in analytical reagent 
grade and supplied by Fisher Scientific India. 
4.3.2 Biomass sources and basal medium 
Mixed microbial culture with a MLVSS of 2.5 g L"' and SVI of 200 mL g' was 
taken as a source of aerobic sludge from secondary clarifier of Okhla wastewater 
treatment plant, New Delhi, India. It was brown initially with a loose, fluffy and irregular 
morphology. Its colour was then changed to white and finally to yellow during the course 
of expi^ riment. A similar tendency of sludge was observed by Li et al. (2006) when 
synthetic waste water was fed to aerobic granular sludge. 
In order to get more specific microorganisms for 2,4,6-trichlorophenol (TCP) 
removal, activated sludge was initially conditioned over a 15-day period to allow the 
biomass to adapt to TCP before inoculating into SBR. During acclimatization period, it 
was fed with 5-10 mg L'' of TCP with co-substrate in mineral salt medium (basal 
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medium). At the end of acclimatization period MLVSS of the aerobic sludge becomes 
4.4-4.5 g L"'. Later on, the acclimated sludge was inoculated in to SBR. 
The basal medium used in this experiment contained (g L''): (Ahmad et al.. 2010) 
Macro nutrient: NH4CI (0.20), K2HPO4 (1.65), MgS04.7H20 (0.13), KH2PO4 (1.35) 
Micro nutrient: H3BO3 (0.05), FeCb^HaO (0.05), ZnCb (0.05), MnCb^HsO (0.05), 
CuCl2-2H20 (0.03). NH4Se03-5H20 (0.05), A1C13-6H20 (0.05), NiCl-eHjO (0.05), 
NaSeO3-5H2O(0.1) 
A mother solution of TCP was prepared with strength of 1000 mg L ' in double 
distilled water. Required concentrations of TCP were obtained by proportionate dilution 
with double distilled water. Initially, the two SBRs (Rl and R2) were fed with TCP (10 
mg L"') in basal medium. 
4.3.3 Experimental Set-up 
Two column type cylindrical reactors (Rl and R2) made of transparent Perspex 
glass (height 150 cm and diameter 5 cm) was used with a working volume of 1.4 L (F )L: 
4.1) Reactors were maintained at room temperature and started up with 1.4 L of aerobic 
sludge. One was fed with glucose as additional growth and the other was fed with sodium 
acetate as co-substrate along with TCP. However, all other conditions remain same for 
both the reactors. Fine bubble aerator was fixed at the bottom for supplying air at a 
superficial gas velocity above 1.2 cm s'. Five ports are fitted along the height of the 
SBRs. However, all these ports were closed except the one fitted at 70 cm (50 % of 
working volume) along the height of the SBRs for collecting effluent samples (Fig 4.1) 
All the experiments were performed at constant temperature (30±5 °C) and the pH of the 
system was maintained at around 8-9 through out the study. 
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(Rl) (R2) 
(Reactor Rl fed with glucose as co-substrate and R2 fed with acetate as co-
substrate) 
Fig 4.1 Photograph of the SBRs (Rl and R2) used during TCP biodegradation in the 
present study 
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4.3.4 SBR Operation 
Both reactors were operated at three different HRTs of 48, 24 and 16 h with a 50 
% volumetric exchange ratio Each cycle of the reactors consist of: 5 min influent 
addition, 30-5 min settling, 5 min effluent withdrawal and 5 min idle (no stirring) and the 
remaining time aeration. 5% of the sludge was wasted everyday which gives a constant 
SRT (sludge retention time) of 20 days. 
For measuring abiotic losses, a controlled reactor was used having same 
dimensions but without aerobic sludge. It was observed that abiotic losses due to 
evaporation and photo degradation by sunlight were less than 3 %. 
4.3.5 Analytical methods 
SVI, MLVSS, COD, C r ion and alkalinity were taken in accordance with the 
standard methods (APHA. 2002/ Biomass losses in effluent were monitored in terms of 
optical density at 600 nm using UV-Visible spectrophotometer (Shimadzu-1601, Japan) 
according to the method given by (/iagova and I iakopoulou-kvriakides. 2007). 
The TCP was measured by UV-visible spectrophotometer (Shimadzu-1601, 
Japan) according to standard methods (APHA 2002) and a calibration plot (absorbance 
versus concentration of TCP) was drawn with correlation coefficient (R )^ of 0.98 and 
used for estimating the concentration of unknown TCP solutions. Effluent samples were 
collected and filtered using 0.22 ^m pore size filter before taking absorbance 
(concentration). The UV Spectra of the influent and effluent samples were recorded in the 
wavelength range 190-700 nm. The test samples drawn from experiments with higher 
concentrations of TCP were adequately diluted before the absorbance was determined. 
FTIR of the influent, effluent and EPS (for both the reactors) were taken using 
Interspec 2020 Spectrolab (UK). Gas chromatographic studies were done using Buck 
Scientific 910 Model Gas Chromatogram equipped with a DB-5 (30 m by 0.25 mm) 
capillary column (RESTEK, USA). GC-MS was done using PERKIN ELMER CLARUS 
500 Gas chromatograph-Mass spectrometer. Samples for GC and GC/MS were extracted 
and derivatized by the same method (Louie et al.. 2002) as used in Chapter-2 and 3 of this 
thesis. 
Morphology and surface characteristics of formed aerobic granules were studied 
using scanning electron microscopy (SEM) "Zeiss EVO Series EVO 50 Microscope". 
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Granules were prepared for SEM image according to the method described by (Ivanov et 
a,, 2Q()b). Briefly, granules were prepared for SEM image by washing with a phosphate 
buffer and fixing with 2% glutaraldehyde overnight at 4°C. Fixed granules were washed 
with 0.10 M sodium cacodylate buffer, dehydrated by successive passages through 25, 50, 
75. 80, 90, 95 and 100 % ethanol and dried with a CO2 Critical Point Dryer. All the 
experiments were performed in triplicate. 
The ability of granules to degrade TCP was evaluated by studying the kinetics of 
biodegradation in 250 mL serum vials containing different concentrations of TCP (100, 
200, 250, 300, 350, 400, 450 mg L"') in mineral salt medium. 100 mL of granular sludge 
was added to each serum vials and the content was kept on rotatory shaker for 8 h and 
studied periodically (after every 30 mins). A kinetic study of the data was performed 
using the Haldane model for inhibitory substrate (Vi et a!.. 2006). 
E.coli K-12 strain was used to check the toxicity of degradation product by SBR. 
This plasmid nicking assay was carried out as described by (Rahman et al.. 1990). 0.5 ^g 
of covalently closed circular pBR322 DNA (0.5 )xg) was treated with the control as well 
as treated (effluent)and untreated (influent) TCP water sample in a total volume of 30 \iL 
for 1 h. After the treatment, 8 |uL of 5x tracking dye [40 mM EDTA, 0.05 % bromophenol 
blue and 50 % (v/v) glycerol] was added and loaded on 1 % agarose gel. The gel was run 
at 50 mA for 2 h and stained with ethidium bromide (0.5 ^g L"') for 30 min at room 
temperature. After washing, the gel was visualized on fotodyne UV 300 transilluminator 
(USA) and photographed. 
4.4 RESULTS AND DISCUSSION 
4.4.1 Reactor performance in terras of COD removal 
The plots in fig 4.2 show the variation of influent COD, effluent COD and % 
COD removal efficiency during the study. Influent COD include the COD for substrate 
(i.e. TCP) as well as co-substrate (glucose or acetate). Influent COD was higher in case of 
Rl due to higher COD value of glucose (1067 mg L"' g"' glucose) as compared to acetate 
(780 mg L"' g"' acetate). Initially low removal efficiencies (around 70%) were observed 
but as soon as the system got stable, removal efficiency (reactor performance) increases 
and good results were obtained (>90 %). 
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Both reactors Rl and R2 show good removal efficiency with a slight higher value 
in case of Rl. This is due to the irregular morphology (folds, crevices and depressions) of 
glucose fed granules which enables the higher mass transfer within the granule. These 
irregularities shorten the diffusion distances; improve the penetration of nutrients and 
substrates into the granule interior compared to more spherical granules fed with acetate 
as co-substrate. These observations were also supported by kinetic data. 
4.4.2 Variation of influent TCP, SVI, MLVSS, OD, CF and HRT 
The variation of influent TCP (g L"'), SVI (mL g'), MLVSS (g L ' ) and OD in Rl 
and R2 during the experimental study is shown in F ig 4.^ where as variation in C\~ ion 
and HRT alongwith various other parameters are shown in lable-4.1 and 4.2. Influent 
TCP was varied from 10 to 360 g L"' in Rl and 10-300 g L"' in R2. Initially, same 
concentrations of influent TCP were fed in Rl and R2, but, as the operation proceeds, the 
amount of biomass in Rl increases giving a higher value of removal efficiency. 
Therefore, the influent TCP concentrations were increased at a faster rate in Rl (10-360 
mg L ' ) as compared to R2 (10-300 mg L"'). 
Settleability is an important parameter that enables granules to be retained in the 
reactor. The aerobic sludge had an initial SVI value of 200 mL g"', it was then fed into Rl 
and R2. After one week, the SVI value decreases to 140 mL g' (Rl) and 130 mL g"' (R2) 
showing the improvement in settling properties of the sludge dig 4.3). In subsequent 
weeks, SVI shows a decreasing trend, meanwhile, the aerobic sludge start changing into 
granular biomass. SVI values of 35 and 30 mL g"' were observed at the end of the 
operation in Rl and R2 respectively (I ig 4.31. 
Chapteir-4 127 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
4500 
I 
§ 
I 
• Influent (G) 
• lr(luent(A) 
• %eftcienc¥(G) 
• Effluent (G) 
•Etuent{A) 
•%Eliciencv(A) 
I- , . . . I — . . , , • 
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 
Time (days) 
• 200 
• 190 
• 180 
• 170 
160 o" 
150 o 
140 o 
130£ 
110^ 
100 J 
90 a 
80 £ 
70 Q 
60g 
50 ^ 
40 g 
3 0 | 
20 £ 
10 
0 
Fig 4.2 Influent COD, Effluent COD, % COD removal efficiency of Reactor Ri and R2 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 
Time (Days) 
Fig 4.3 TCP influent cone, SVl, MLVSS and OD profile during biodegradation 
Chapter-4 128 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
Biomass concentration (MLVSS) in the reactors shows variable behaviour in 
between 4.5-6.5 g L"'. MLVSS values in Rl and R2 were stabilized at 6.5 and 6.2 g L"' at 
the end of the study. Optical density of effluent (OD) shows the biomass losses during 
effluent withdrawal. Initially, OD of the effluent from Rl and R2 was 1.85 and 1.82. 
Since, granules have good settling properties (as reflected by low SVl), biomass losses 
decreases as granulation proceeds, leading to a similar decrease in OD effluent to stabilize 
at 1.45 (Rl) and 1.24 (R2) at the end of the SBRs operation (Fig 4.3). The losses in case 
of R2 were less as compared to Rl, due to more regular and compact structure of acetate-
fed granules. 
However, the % COD removal efficiency and specific degradation rate shows 
better substrate degradation capability of glucose fed granules. This is because the choice 
of substrate has a great influence on granule microstructure. The dense, regular and 
compact acetJite fed granules failed to tolerate higher organic loading rate resulting in low 
biodegradation rate due to mass transfer limitations (Mo\ et al., 20021. 
Present study was performed at three different HRTs of 48 h, 24 h and 16 h with a 
50 Vo volumetric exchange ratio giving a cycle time of 24, 12 and 8 h, respectively 
(1 abk'-4.l aid 4.2). HRT has a profound effect on hydraulic conditions and the contact 
time among different reactants within the reactor (Pan et al.. 2004). HRT of 48 h was 
maintained for first 25 days, thereafter HRT was reduced to 24 h, meanwhile the sludge 
changes into granular biomass since a short HRT favours granulation (Beun et al.. 1999) 
Finally, the HRT was reduced to 16 h (after day 45) and kept constant for the rest of the 
study. It was found that; better granulation was occurred at a shorter HRT of 16 h. 
Release of CF ion was also monitored during the study for Rl and R2 (APHA. 
2002) and shown in 1 able-4.1 and 4.2. It is believed that biodegradation of chlorophenols 
follow two pathways either dehalogenation before ring cleavage or dehalogenation after 
ring cleavage. Both these pathway allow release of CF ion in the reactor. CI ion 
production was low initially due to low biodegradation rates. But as soon as the granules 
became the dominant part of biomass, degradation rate increases leading to a 
stoichiometric increase in CF production. However, CF release in Rl is fairly greater 
than in R2 (I able-4.1 and 4.21 due to high efficiency and degradation rate of glucose fed 
granules in Rl (because of greater mass transfer within the granule). 
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4.4.3 Characterization of granules 
Scanning electron microscopic (SEM) observations revealed that the mature 
aerobic granules had a very compact microstructure in which cells were tightly linked 
together and round bacteria were predominant (1 ig 4.4). Aerobic granulation is actually a 
gradual process involving the progression from seed sludge to compact aggregates, 
further to granular sludge and finally to mature granules (I ig 4.4). In the present study, 
glucose fed granules has an irregular morphology with a number of folds, crevices and 
depressions dig 4.4\l and \2) and hence favours greater mass transfer. They were 
fluffy probably due to the presence of large population of filamentous bacteria. On the 
other hand, acetate fed granules has very regular shape with compact structure where cells 
were tightly linked with each other and some rod like species were found to be 
predominant {h;g 4.4BI and H2). Acetate fed granules did not show any sign of 
filamentous bacteria after few weeks of inoculation. These observations shows 
differences in the morphologies of acetate as well as glucose fed granules that occur due 
to different choice of the co-substrate. 
Chapter~4 '^ ^ 
M.Z. Khan, Ph.D. Thesis, 2010 A.M.U., Aligarh 
l lag= S.aiKX Photo No. = Z3W Dale :3 Mar 2010 Time :12:23:14 | — [ Mafl -15. IWKX i>hoto Ho. - 2389 Date :3 Mar 2010 Time"-M:iTSl 
[All [A2] 
I l t 9 = 5JBII)t Photo Ho.-2390 Dale :3 Mar 2010 Time :12:23:14 | — | Mag • 15.00 K X Photo No. - 2389 Palp 3 Mm .'111(1 Time :I2:1752 
IBll [B2] 
Fig 4.4 SEM image of TCP degrading mature aerobic granules |A1] and [A2] fed with 
glucose as co-substrate and [Bl| and [B2| fed with acetate as co-substrate 
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4.4.4 Characterization of the products 
4.4.4.1 UV-Visihle spectral studies 
The UV-Vis studies (190-700 nm) were performed to ascertain the number and types of 
compounds formed during biodegradation of TCP in SBR. UV spectra of TCP influent 
with acetate and glucose are quite equivalent and therefore one spectrum is shown in (fig 
4/^). Influent and effluent spectra in both the cases (Rl and R2) are similar with no 
significant peak of glucose or acetate within the wavelength region studied. The influent 
spectrum is showing a prominent absorption peak at around 320.0 nm which confirm the 
presence of TCP. However, no such peak (at 320.0 nm) is observed in case of effluent 
coming out of the two reactors, showing biodegradation of TCP in SBR. 
35000 
300 OO 
25000 
£ 20O0O 
IB 
^ 1500OH 
a. 10000 H 
10 20 30 
Retention t ime (mins) 
190.0 ran (100/div) 700.0 nm 
(b) 
Fig 4.5 UV spectra (lnfluent-1, Efnuent-2) of TCP during biodegradation in SBR and GC 
spectra of effluent (inset) 
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4.4.4.2 Gas Chromatographic analysis 
GC was performed in order to determine the number of products formed during 
biodegradation along with the retention time. The monooxygenase reaction end products 
were performed on a QP5050A GC system (Buck Scientific 910 Model, Shimadzu, 
Columbia, USA) equipped with a DB-5 (30 m by 0.25 mm) capillary column (RESTEK, 
USA). Four peaks were observed in the GC spectra of effluents samples of both reactors 
(I 12 4.5 inset) extracted using ethyl acetate as described above. Largest peak corresponds 
to the solvent i.e. ethyl acetate at a retention time of 10.325 min. In addition to ethyl 
acetate, three more peaks (at 1.366 min, 6.275 min and 12.45 min) were observed 
showing the formation of three biodegradation products which may be catechol, 
chlorocatechol or CO2. 
4.4.4.3 FTIR spectral analysis 
The FTIR spectra of pure TCP, influent (TCP with glucose-Rl), effluent and EPS 
during biodegradation of TCP in a sequencing batch reactor are given in Fig 4.6(a) and 
lb). FTIR spectrum (11 of Rl shows typical peaks corresponding to pure TCP. C-H and 
OH stretching is observed at 2900 and 3400 cm' (Silverstein et al.. i99b. C=C stretching 
of benzenoid and quinoid moiety at 1450-1550 cm' (27). The bands at 1249, 1154, 1125 
and 1027 cro"' corresponds to ring C-H in plane bending vibrations (Bandara et al., 2001). 
Bands at 1337 and 1179 cm"' are attributed to 0-H deformation and bending vibrations. A 
strong C-Cl peak is observed at 1090 cm' (Pandit ei al.. 2001). Peaks visible at 700-800 
cm' show the substituted aromatic ring (Shchukin et al., 2004). 
Spectrum (2) of Rl (Pig 4.6a) shows influent containing TCP with glucose in 
mineral salt medium. Several small peaks are visible in the spectrum with a prominent 
one at 1300 cm' due to C=C stretching of aromatic ring. Bands between 1100 and 1000 
cm"' demonstrate hydroxyl group of aromatic ring (l^ardacki. 2007). This absorption peak 
is observed at a lower value than its normal absorption frequency because of the 
interaction of aromatic ring with metal ions (region 500-600 cm"") present in tap water. 
FTIR spectrum (3) of Rl shows no prominent peak in the region 1300-1400 cm"' 
(absence of aromatic ring) pointing out the biodegradation of TCP in SBR. A prominent 
peak at 2300 cm"' shows the presence of CO2 in the effluent samples. 
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FTIR spectrum (4i Rl represents the important functional groups present in the 
EPS secreted by bacteria during TCP biodegradation. EPS shows a peak in the region 
1250-1300 cm"' showing the presence of aromatic ring (C=C stretching of benzenoid 
ring). A strong peak at 1100 cm"' shows the presence of-OH group of aromatic ring 
(Bardacki. 2007). The peak at 686.74-763 cm"' refers to out of plane C-H bending in a 
substituted aromatic system (Pandit et al.. 2001) These peaks evidence the possibility of 
the formation of any of the following product-catechol, 2-chlorophenol or chlorocatechol 
etc. during TCP biodegradation. GC spectra also confirmed three different compounds. 
Similar FTIR spectra were observed in case of biodegradation of TCP in presence 
of acetate (R2) as additional supplement (f ig 4.6r)). 
FTIR results arises the possibility of the formation of catechol or chlorocatechol 
via or//zo-cleavage during biodegradation of TCP. These possibilities were further 
investigated by GC/MS. 
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Fig 4.6 FTIR Spectra of (a) R, and (b) R2 after steady state 
(1-Pure TCP, 2-lnfluent TCP, 3-Effluent and 4-EPS) 
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4.4.4.4 Gas chwmatographic-Mass Spectrometric Studies 
There may be several potential biodegradation products formed during 
biodegradation of TCP by mixed microbial culture depending upon the pathway involved 
(Gardin et al.. 2001). These may be the products of dehalogenation after ring cleavage 
(chlorocatechols) and dehalogenation before ring cleavage (2,4 or 2,6-dichlorophenol, 2-
chlorophenol, catechol etc.) (Snyder et al., 2006). Mostly, chlorinated aromatics degraded 
via ortho-c\ea\agQ, however, in some cases, successful degradation of chloroaromatics 
via 3-chlorocatechol using the w^/a-cleavage has also been reported (Farrell and Quilty, 
1999). Our study showed the formation of 3,5-dichlorocatechol (m/z 179), a probable 
product of TCP biodegradation, which then transformed to 6-chloro-hydroxy-quinol (m/z 
m+1 162) and finally undergo an ort/jo-degradation to give open chain compound (Fig 
4.7). Since, microbial attack on substrate is a type of electrophillic attack; hence, 
increasing substitution of the electron withdrawing groups (such as -CI, NO2, SH etc.) 
decreases the electron density on the ring making it difficult towards electrophillic attack 
of microorganisms (Bruhn et al., 1987: Thiele et al.. 1988). Hence, dehalogenation before 
ring cleavage occurred preferentially which increases the electron density on the ring 
making it more susceptible to microbial attack leading to its cleavage (Gardin et al., 
2001). The cleaved aliphatic product of TCP in our study via or//?o-pathway was 2-
chloro-4-oxo-hex-2-ene-l,6-dioic acid (M+1 m/z 193) (Fig 4.7). 
OH 
2,4^Trichlonipkeiuil 
HO 
OH 
X. C 
3.5-DicUliTOCatecIioI 
(M=17») 
OH 
i 
OH 
6-CUonih7dii}X)rqmiiol CM=161) 
(1) 
2-CUoTO-4-oxe-liex-2 ene-l^dioic acid 
Proposed biodegradation pathway of 2,4,6-TrichIorophenol in SBR 
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A similar pathway has been reported by Louie et al. (2002) with a single 
difference that they showed the formation of 2,6-dichlor-p-hydroxyquinone instead of 
3,5-dichlorcatechol. 3,5-Dichlorocatechol was also detected as an intermediate in the 
biodegradation of TCP by Snyder et al. (2006). The proposed TCP degradation pathway 
by mixed culture is occurred via or/Zzo-cleavage and shown as equation (1) along with the 
I 
m/z value of each fraction: 
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Fig 4.7 Gas Chromatographic-Mass Spectrometric study of reaction products 
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4.5 Biodegradation kinetics 
Biodegradation kinetics of TCP is an important parameter for prediction of its fate 
and design of the wastewater treatment plant. The sludge production and kinetics of 
aerobic granules under such a repeated cycle operational condition are also important to 
the process design and optimization (>an^; ct a!.. 2()()7> The biodegradation rate of TCP 
by aerobic granules is often described by Haldane's model (Fig 4.8) for inhibitory 
substrate which can be depicted as (equation-2): 
Y ma:: (J 
r = (2) 
K. + »S + — 
where V and Vmax are the specific and the maximum theoretical specific substrate 
degradation rates (mg TCP gVSS"' d''), respectively, and S, Kg and Kj are the substrate 
concentration, half-saturation constant, and inhibition constant (mg L' ), respectively. 
The calculated values of kinetic parameters using non-linear regression model are: 
Vmax (G)= 1344 mg TCP gVSS"' d'', K^  (G)=1911.65 mg L"' and Ki (G)=29.85 mg L"' for 
Rl and Vmax (A)= 1200 mg TCP gVSS"' d"', K^  (A)=1828.68 mg L ' and K, (A)=33.86 mg 
L"' for R2 with a correlation coefficient (R )^ of 0.9892 and 0.9569, respectively (hg 4 81. 
On the basis of observed values of kinetic parameters from fittings, the critical substrate 
concentration c'where maximum reaction rate is observed (C*,^ ,,, =JK^K^ ) is found to 
be 238.8 mg L'' and 248.78 mg L"' for Rl and R2 respectively. However, the inhibitory 
parameter Pip^^K.I Ks) accounting for the extent of inhibitory effects (a smaller value 
of p gives a larger removal rate reduction at high substrate concentration) is 0T249 for 
Rl and 0.1360 for R2. The main advantage of this form (J] and C*) is to have a direct 
indication from the kinetic parameters of the possible maximum rate or of the critical 
substrate concentration value (lomei ei al.. 2008). The kinetic data in fig 4.8 reveal that 
glucose fed granules (Rl) has better degradation rate and removal efficiency than acetate 
fed granules (R2). 
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Fig 4.9 Plasmid nicking assay for genotoxicity (A-Controlled, B-lnfluent, C-Effluent) 
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4.6 Genotoxicity by Plasmid nicking assay 
The genotoxicity by plasmid nicking assay experiment (Kig 4.4) was conducted on 
influent TCP as well as treated TCP effluent sample of both Rl and R2. The results show 
reduction in genotoxicity of TCP by SBR. 20 nL of TCP resulted in the conversion of the 
super coiled pBR322 DNA to the relaxed form (lane B). However, 20 ^L of treated 
effluent TCP resulted in a maximum protection of plasmid from damage (lane C). The 
results show that aerobic granules were capable of reducing the genotoxicity of TCP 
during biodegradation in SBR in presence of glucose and acetate. 
5. CONCLUSION 
Aerobic granulation technology is a novel decontamination technique for efficient 
treatment of high organic loading rate containing wastewater. TCP degrading aerobic 
granules were cultivated in presence of glucose and acetate as additional supplement. 
Granules sustained an organic load of 4067 (Rl) and 3780 mgCOD L"' (R2) with % COD 
removal efficiency of 97 and 95. UV, FTIR, GC and GC/MS studies confirmed that the 
biodegradation of TCP occurred via 3,5-dichlorocatechol pathway {ortho- cleavage). No 
difference was observed in GC and GC/MS spectra of the two reactors. Plasmid nicking 
assay for genotoxicity of influent and effluent shows that aerobic granule was capable of 
removing the toxicity of TCP. Kinetic data showed the biodegradation of TCP followed 
Haldane model with maximum theoretical specific degradation rate of 1344 and 1200 mg 
TCP gVSS"' d"' in Rl and R2, respectively. Kinetic parameters also revealed that glucose 
fed granules have higher activity towards biodegradation as compared to acetate fed 
granules. 
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Conclusion and Future Trends 
Aerobic granulation technology is a new kind of microbial immobilization and has 
been extensively reported in sequencing batch reactors. Compared to conventional 
bioflocs, aerobic granules have stronger microbial structure, excellent settleability, high 
biomass retention, and resistance to inhibitory and toxic compounds and so on. Aerobic 
granules have been successfully cultivated with a wide variety of organic substrates in 
SBR, including glucose, acetate, ethanol, phenol, chlorophenols, particulate organic 
matter-rich wastewater and both simulated and real municipal wastewater. 
The aerobic granular sludge has been successfully used to treat real industrial 
wastewater such as dairy effluents, paper industry waste and other high strength toxic 
waste such as nuclear and radioactive waste. A system like this can provide greater 
flexibility and control over the treatment, including nutrient (nitrogen-phosphorus) 
removal, and it is amenable to computer control. 
In many cases, aerobic granular systems allow a more stable operation, the 
treatment of larger organic loads as well as fluctuations in organic load, remove multiple 
toxic pollutants, require small volumes for the settling systems and produce effluents of 
better quality than the conventional systems. Due to the diversity of granules and their 
structures, microbial granules can be used to treat wastewater or to recover a wastewater 
treatment system after sludge bulking or physiological shocks. 
Aerobic granules can also be used as biosorbent to remove toxic metals ions from 
various industrial effluents. It is one of the most recent and promising technique for 
bioremediation of wastewater. Aerobic granulation can be enhanced by using selected 
strains or chelating agents. 
The work described in this thesis reviewed the application of aerobic granulation 
technology for treating chlorophenol containing synthetic wastewater. Although sufficient 
amount of work has been done, future research needs to look into some of the following 
aspects-
• EJoth mixed and pure cultures are useful for cultivating aerobic granules. Hence, it 
should be identified that which one is better either mixed or pure culture. 
Generally mixed culture is employed for degrading a mixture of compounds and 
pure culture is useful for degrading a specific toxicant. 
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• Different authors have different views regarding affect of DO concentration, 
aerobic starvation and H/D ratio. Some says that these parameters have a strong 
influence on aerobic granulation and some refutes this statement. Hence, the 
affects of these parameters should be explored so that a generalization could be 
made regarding their influence on granulation. 
• Aerobic granulation has been observed only in the SBRs. The feasibility of 
attaining aerobic granulation in continuous culture systems needs to be 
investigated. 
• Till now, the mechanism of aerobic granulation is not clear, so further studies 
should be needed to determine the actual initiating force behind microbial 
aggregation and granule formation. In addition, the information regarding 
mechanism of degradation of organic compounds is still very limited. 
• Surface characteristics of granules should be studied to know the type of 
microorganisms present on the surface and to identify those organism which are 
responsible for degradation. 
• It would be interesting to look at the feasibility of transplanting engineered species 
into microbial granules to tailor microbial granules for treating specific types of 
wastewaters. 
• Furthermore, as we know that the only disadvantage of aerobic granulation is long 
start-up period, so it should be eliminated. Measures should be taken for rapid 
granule formation by selecting appropriate strain which favors rapid microbial 
aggregation. One more thing is to check the possibility of using same granules for 
degrading different substrates. 
This technology is still in a development phase. We also propose that further 
research is needed to explore the other aspects of this technology, so that it would flourish 
completely providing us the opportunity to control water pollution and to build a healthy 
environment. 
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